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ABSTRACT 


The  vapour  phase  radiolyses  of  cyclohexane,  methyl 
cyclohexane  and  ethanol  by  Po^°  alpha  particles  were  investi¬ 
gated,  The  radiolyses  of  these  compounds  with  the  inhibitors 
benzene,  cyclohexene  and  propylene  were  also  studied. 

The  major  single  product,  in  all  cases,  was  hydro¬ 
gen,  The  yield  of  hydrogen  was  independent  of  dose  and  had  Gr 
values  of  8,0,  5,8  and  9,0  for  cyclohexane,  methyl  cyclohexane 
and  ethanol  respectively. 

There  was  a  poor  material  balance  and  a  steady  decrease 
in  source  intensity  in  hydrocarbon  vapour  radiolyses.  These 
were  attributed  to  the  formation  of  polymer  which  could  not 
be  measured  with  the  present  analytical  system.  The  formation 
of  polymer  is  tentatively  ascribed  to  ion  molecule  reactions, 
since  the  ions  formed  during  radiolysis  have  a  life  time  of  the 
order  of  10“^  secs,  A  good  mass  balance  and  the  lack  of  decrease 
in  source  intensity  in  ethanol  irradiations  indicate  little  or 
no  polymer  formation  during  its  radiolysis. 

The  value  of  the  ratio  of  the  initial  yields  of 
cyclohexene  and  dicyclohexyl  (-  1.67)  is  similar  to  that  found 
in  liquid  cyclohexane  radiolysis.  This  value  gives  an  indica¬ 
tion  of  the  ratio  of  disproportionation  to  combination  of  cyclo¬ 
hexyl  radicals. 

The  yields  of  the  products  resulting  from  the 
fission  of  the  rings  of  cyclohexane,  benzene  and  cyclohexene 
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were  at  least  an  order  of  magnitude  greater  in  the  vapour 
than  in  the  liquid  phase. 

The  experimental  results  obtained  in  the  inhibi¬ 
tion  studies  of  the  various  systems  were  tested  against 
several  mechanisms  and  two  mechanisms  were  found  to  give 
straight  line  plots.  One  mechanism  involved  scavenging  of 
hydrogen  atoms  and  the  other  involved  energy  transfer  from 
the  solvent  to  the  protector.  The  values  of  the  ratios  of 
rate  constants  obtained  for  the  scavenging  mechanism  in  the 
various  systems  have  similar  values.  The  values  of  the  rate 
constant  ratios  obtained  with  cyclohexene  might  not  be  un- 
reasonable  if  the  hydrogen  atoms  are  epithermal.  The  value 
of  the  ratio  of  hydrogen  abstraction  from  benzene  to  that 
from  the  solvent  is  surprisingly  high  even  for  epithermal 
hydrogen  atoms.  The  various  ratios  of  rate  constants  for  the 
energy  transfer  mechanism  also  appear  to  have  similar  values 
except  in  the  ethanol-benzene  system.  In  the  cyclohexane 
inhibition  studies,  the  value  of  the  ratio  of  the  rate  con¬ 
stants  for  energy  transfer  to  that  for  the  decomposition  of 
the  activated  cyclohexane  species  was  greater  in  the  gas 

rt 

phase  by  a  factor  of  about  10  over  the  value  of  the  ratio 
in  the  liquid  phase.  This  may  be  taken  as  evidence  that  the 
activated  species  is  a  positive  ion  that  decomposes  when 


neutralised. 
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I  INTRODUCTION 


General 

Because  of  the  large  volume  of  literature  which 
has  been  published  in  radiation  chemistry,  and  the  wide 
scope  of  the  present  investigation,  the  introduction  has 
been  divided  into  five  distinct  sections.  Each  section  is 
a  review,  though  not  critical,  of  the  available  literature 
deemed  pertinent  to  the  present  investigation.  The  first 
section  is  a  historical  survey  of  the  development  of  radia 
tion  chemistry  in  general.  In  the  second  section,  concepts 
of  mechanisms  in  radiation  chemistry  are  discussed.  A 
survey  of  the  previous  studies  of  the  radiolysis  of  the 
compounds  used  in  the  present  work  constitutes  the  third 
part.  The  various  methods  of  measuring  the  dose  absorbed 
by  an  irradiated  system  are  reviewed  in  the  fourth  part. 
The  scope  of  the  present  investigations  constitutes  the 
final  section  of  the  introduction. 

(A)  Historical 

Radiation  chemistry  is  defined  as  the  study  of 
the  chemical  effects  caused  by  ionising  radiations  in 
their  passage  through  matter.  The  first  such  study,  re¬ 
ported  in  1896  by  Becquerel  (l),  concerned  the  action  of 
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radiation  emitted  by  uranium  on  a  photographic  plate. 
Radiation  chemistry,  however,  is  still  in  its  infancy. 
This  is  particularly  true  with  respect  to  organic  com¬ 
pounds.  The  approach  to  the  subject  was  often  empirical. 
At  present,  with  the  greater  availability  of  radioactive 
elements  and  particle  accelerating  machines,  the  study 
of  radiation  chemical  effects  on  compounds  is  being 
actively  pursued. 

The  first  systematic  approach  to  the  study  of 
the  effect  of  ionising  radiations  was  made  by  Lind  (2). 
Most  of  his  studies  were  confined  to  the  effects  of  radon 
alpha  rays  on  gaseous  hydrocarbons.  Modern  studies  are 
extended  to  the  effects  of  other  charged  particles  such 
as  protons,  accelerated  helium  ions,  electrons  and  deu- 
terons,  and  of  electromagnetic  radiations  such  as  x-rays 
and  -rays.  Neutral  particles  such  as  neutrons  and  neu¬ 
trinos  have  relatively  small  effect  because  they  do  not 
cause  primary  ionisation.  Lind,  through  his  experimental 
work,  concluded  that  ions  were  the  major  chemically  re¬ 
active  species  produced  during  the  irradiations  and  that 
these  ions  were  the  precursor  of  the  observed  chemical 
effects.  The  observed  chemical  effects  were  thought  to 
depend  on  the  nature  and  the  stability  of  these  ions  in 
their  environment.  Attempts  were  then  made  to  determine 
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the  nature  of  the  general  environment  surrounding  these 
ions.  In  one  such  experiment,  it  was  found  that  the  small 
mobility  of  the  gaseous  ions  could  not  be  satisfactorily 
explained  by  simple  kinetic  theory,  assuming  ordinary 
molecular  diameters  (3).  To  circumvent  this  difficulty, 
it  was  suggested  that  the  small  mobility  might  be  due  to 
an  entity  with  a  larger  diameter  than  that  of  the  ordinary 
molecules.  These  entities  were  postulated  to  consist  of  a 
cluster  of  neutral  molecules  around  a  central  ion  held 
thereto  by  strong  polarization  forces.  The  low  mobility 
was  then  ascribed  to  a  drag  exerted  on  the  ions  by  dipole 
forces  set  up  in  the  molecules  past  which  they  drift  (3). 

The  idea  of  the  formation  of  clusters  was  in¬ 
dependently  conceived  by  Lind  (2)  and  Mund  (4)  to  explain 
the  radiation  chemical  reactions.  Lind  expressed  his  ex¬ 
perimental  yields  in  terms  of  ’’ionic  yield".  The  ionic 
yield,  expressed  as  M/N,  the  number  of  molecules  formed 
or  destroyed  per  ion  pair  produced,  was  considered  as  the 
radiation  chemical  analogue  of  the  photochemical  quantum 
yield.  When  he  noticed  that  the  ionic  yield  exceeded  unity, 
he  put  forward  the  "cluster  hypothesis".  In  this  hypothesis, 
it  was  postulated  that  several  molecules  clustered  around 
each  ion;  the  breakdown  of  such  clusters  occurred  when  they 
were  neutralised  by  an  ion  or  cluster  of  opposite  charge; 
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then  the  molecules  In  the  cluster  shared  the  heat  of  neu¬ 
tralisation  to  undergo  reaction.  Thus  the  rate  of  reaction 
would  sometimes  be  greater  than  the  rate  of  production  of 
ions.  Although  the  ‘'cluster  hypothesis"  successfully  ex¬ 
plained  some  of  the  experimental  results,  some  major 
difficulties  were  encountered  in  accepting  the  hypothesis 
as  a  general  mechanism  for  radiation  chemical  reactions. 
Firstly,  the  theoretical  work  of  Eyring  et  al  (5)  showed 
the  improbability  of  the  formation  of  clusters  in  the  re¬ 
action  systems  investigated.  In  addition,  it  was  found 
that  free  radical  mechanisms  were  capable  of  explaining 
the  observed  results.  Secondly,  Essex  and  his  co-workers 
(6-9)  showed  that  the  reaction  rates  were  not  reduced  to 
zero  in  several  systems  even  when  the  ionic  concentration 
was  reduced  to  a  negligible  extent  by  the  application  of 
high  potentials.  This  illustrated  that  a  considerable 
fraction  of  reaction  was  quite  independent  of  the  pro¬ 
duction  of  ions  which  were  the  centres  of  formation  of 
the  clusters.  Thirdly,  the  excess  energy  in  a  reaction 
(W-I,  where  W  represents  the  average  energy  expended  per 
ion  pair  produced  and  is  ^  26-38  ev  and  I  is  the  ion¬ 
isation  potential  ^  9-15  ev)  could  be  used  to  form  chem¬ 
ically  reactive  species  other  than  ions. 

The  above  mentioned  reasons  demonstrate  the 
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fact  that  cluster  formation  is  not  the  sole  cause  of  the 


observed  radiation  chemical  effects;  but  they  do  not  deny 
the  existence  of  weakly  held  clusters  (with  the  energy 
attachment  of  the  order  of  thermal  motion).  The  present 
trend  is  to  accept  the  formation  of  free  radicals  and 
excited  molecules  but  not  to  ignore  the  possible  effect 
of  cluster  formation. 

The  experimental  results  in  radiat ion-induced 
reactions  were  usually  expressed  as  ionic  yields  (M/N). 
This  method  of  expressing  the  radiation  chemical  yields 
has  been  replaced  by  the  "G11  value  (10).  ’’G1'  is  the 
number  of  molecules  produced  or  destroyed  per  100  ev  of 
energy  absorbed.  The  replacement  of  M/N  by  G  has  several 
advantages: 

(1)  the  number  of  ion-pairs,  N,  is  not  and  probably 
can  never  be,  experimentally  known  in  condensed 
systems  (ll). 

(2)  the  mechanisms  are  not  always  determined  by  ionic 
reactions  and  there  is  no  reason  for  expecting 
excited  molecules  to  be  generally  ineffective. 

(3)  radical  chain  reactions  do  not  permit  a  simple 
interpretation  of  m/n. 

The  nature  of  the  chemical  processes  in  radia¬ 
tion  chemistry  and  photochemistry  are  similar  in  that 
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they  both  contain  free  radical  processes.  In  photochemistry 
the  photon  is  completely  absorbed  in  a  single  molecule  and 
a  well  defined  excited  state  is  formed.  In  radiation  chem¬ 
istry,  the  energy  of  a  fast  particle  is  slowly  dissipated 
during  its  passage  through  matter  and  the  number  of  excited 
molecules  and  ions  formed  is  proportional  to  the  initial 
energy  of  the  particle. 

A  photochemical  reaction  is  a  three  step  process: 

(1)  absorption  of  light  resulting  in  the  production  of 
excited  molecules. 

(2)  the  excited  molecules  either  decompose  or  react  to 
give  products  which  may  be  final  products  or  atoms 
or  radicals. 

(3)  if  atoms  or  radicals  are  produced,  they  undergo  a 
further  reaction  to  give  ultimate  products. 

The  primary  processes  in  radiation  chemistry  involve  both 
ionisation  and  excitation.  The  fact  that  these  are  two 
distinct  and  simultaneous  primary  processes  complicates 
matters  considerably.  The  ionised  and  excited  molecules 
are  concentrated  along  the  path  of  the  high  energy  particle. 
These  ionised  and  excited  molecules  are  more  likely  to  react 
with  their  immediate  neighbours  than  with  similar  species 
from  other  tracks  ("Track  effect",  12 )  ).  This  is  more 
likely  to  occur  in  condensed  than  in  gaseous  media. 
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The  amount  of  ionisation  and  excitation  per  unit 
path  length  (the  ionisation  and  excitation  density)  is  mainly 
dependent  on  the  velocity  and  mass  of  the  ionising  particles. 
Heavy,  relatively  slow  moving  radiations,  such  as  alpha 
particles,  produce  continuous  tracks  or  columns  of  ion¬ 
isation  and  excitation.  High  speed  electrons  produce 
relatively  widely  separated  “spurs"  or  "hot  spots"  of 
reactive  fragments.  Ionisation  and  excitation  density 
of  the  tracks,  as  well  as  diffusion  and  cage  effects 
might  play  a  major  role  in  determining  the  types  and 
yields  of  stable  products  in  condensed  media, 

(B)  Concepts  of  Mechanisms  in  Radiation  Chemistry 

(a)  Absorption  and  migration  of  energy 

All  ionising  radiations  transfer  at  least  a 
part  of  their  energy  to  an  irradiated  system.  The  amount 
of  energy  absorbed  by  a  molecule  is  dependent  on  its 
distance  from  the  passing  ionising  radiation.  If  the 
energy  absorbed  is  greater  than  the  ionisation  potential 
of  the  molecule,  an  electron  is  ejected  resulting  in 
ionisation.  If  the  energy  absorbed  is  less  than  the  ion¬ 
isation  potential,  an  extranuclear  electron  may  merely 
be  raised  to  an  excited  level.  The  variety  of  transitions 
to  different  levels  of  excitation  will  then  depend  on  the 
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proximity  between  the  molecule  and  the  ionising  radia¬ 
tion  and  upon  the  nature  of  the  interaction  between  the 
radiation  and  the  molecules* 

Although  the  excited  states  permissible  by 
optically  allowed  transitions  are  the  ones  often  formed, 
optically  forbidden  excited  states  are  known  to  be  formed 
by  the  effect  of  slow  electrons  (energy  20  -  100  ev)  (13)* 
Since  most  molecules  are  in  singlet  states,  excitation  to 
singlet  states  is  most  probable,  although  excitation  to 
triplet  states  can  also  be  expected  (14).  Experimental 
information  about  excitation  of  singlet  to  triplet  states 
in  a  large  variety  of  organic  molecules  has  been  summarised 
by  Me  Lure  (15).  The  emission  lifetimes  of  the  meta-stable 
triplet  states  were  found  to  be  in  the  range  from  10"^  to 
about  10  seconds.  Besides  the  major  effects  of  excitation 
and  ionisation,  there  are  other  negligible  effects  arising 
from  nuclear  collisions,  such  as  auger  disruptions  and 
multiple  ionisations  when  neutrons  impinge  on  molecules 
containing  hydrogen  atoms  (16). 

After  the  formation  of  primary  ions  and  excited 
molecules,  a  number  of  secondary  processes  may  ensue  prior 
to  the  occurrence  of  the  final  chemical  change.  Such  pro¬ 
cesses  might  include  transfer  of  excitation  energy  and  ion¬ 
isation,  formation  of  negative  ions  and  neutralisation  of 
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ions.  These  processes  are  part  of  the  means  of  dissipation 
of  the  absorbed  energy  in  the  system.  Some  of  the  excitation 
transfer  and  migration  processes  have  been  reviewed  by 
Laidler  and  Schuler  (17). 

(l)  Transfer  of  excitation  energy 
To  the  present,  the  most  informative  studies  on 
excitation  transfer  have  arisen  from  scintillation  experi¬ 
ments  in  solids  and  in  liquid  solutions  of  suitable  organic 
compounds,  under  the  influence  of  ionising  radiation.  In 
these  experiments  (18  -  23),  the  energy  is  absorbed  by  the 
major  compound  and  is  liberated  in  the  form  of  fluorescence 
of  the  minor  component.  Pour  mechanisms  have  been  proposed 
for  this  migration  of  energy.  They  are! 

(i)  sensitised  fluorescence!-  This  phenomenon 
was  first  observed  in  gases  and  Forster  (24)  later  developed 
a  quantum-mechanical  theory  to  explain  it.  This  theory  was 
supported  by  experiments  on  dye  solutions.  In  this  theory, 
the  energy  is  assumed  to  be  transferred  by  quantum-mechanical 
resonance  from  a  solvent  molecule  to  a  distant  solute  mole¬ 
cule,  molecules  in  between  playing  no  part  in  the  transfer. 

(if)  exciton  transfer!-  This  concept  originated 
from  work  on  energy  transport  in  crystals.  In  this  concept, 
the  energy  is  transferred  from  molecule  to  molecule  and  the 
energy  remains  in  any  molecule  for  less  time  than  a  period 
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of  on©  vibration,  Livingston  (25)  has  discussed  the 
significance  of  exciton  migration.  For  the  process  of 
exciton  migration  to  occur,  Franck  and  Livingston  (26) 
think  that  a  strong  coupling  is  necessary. 

Birks  (27)  examined  the  mechanism  of  energy 
transfer  from  excited  solvent  to  solute  molecules  and 
concluded  that  both  the  sensitised  fluorescence  and  the 
exciton  concept  are  inadequate  to  explain  the  mechanism 
of  energy  transfer  because  both  require  a  degree  of  elec- 
tronic  coupling  which  may  not  exist  in  organic  systems. 

Burton  and  Patrick  (28)  suggest  that  only  ex¬ 
citation  transfer  and  not  charge  transfer  is  relevent  to 
radiation  chemistry.  However  this  has  met  some  opposition 
(29)  and  experiments  have  indicated  that  an  electron 
capture  might  play  a  major  role  in  some  radiation  pro¬ 
cesses  (30)* 

(iii)  photon  transport:-  This  theory  assumes 
that  the  radiation  emitted  by  a  solvent  molecule  is  ulti¬ 
mately  absorbed  by  a  solute  molecule  which  then  emits  its 
own  characteristic  radiation  (2i). 

(iv)  photon  cascade:-  This  concept  postulates 
that  fluorescence  is  emitted  by  a  solvent  molecule  in 
transition  from  higher  excited  states  to  the  first  excited 
state.  The  time  taken  for  such  transitions  is  very  small  ( 
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10  to  10“12  seconds).  The  emitted  radiation  is  adsorbed 
by  neighbouring  solvent  molecules  and  the  process  is  repeated 
until  all  the  molecules  reach  the  first  excited  state.  The 
normal  fluorescence  emitted  by  the  solvent  molecules  is  then 
absorbed  by  the  solute  molecules.  Then  these  solute  molecules 
emit  their  own  fluorescent  radiation, 

Collinson  and  Swallow  (as  in  Ref, 24)  state  that 
the  present  position  seems  to  be  one  in  which  sensitised 
fluorescence  is  rejected  and  photon  transfer,  though  it  occurs, 
is  trivial;  while  it  is  still  difficult  to  decide  between 
the  photon  cascade  and  the  exciton  mechanisms,  the  former 
seems  to  be  more  acceptable, 

(2)  Ionisation  transfer 

Alternatively  this  is  referred  to  as  charge  trans- 
fer,  and  it  involves  the  transfer  of  an  electron.  There  are 
two  mechanisms  proposed  for  the  transfer  of  a  single  charge 
in  gas  phase  collisions. 

(i)  the  resonant  process: -  This  process  Is 
represented  by 

A+  +  A  - ->  A  +  A+ 

This  process  may  have  a  large  cross-section  since  the  momenta 
of  the  pair  (ion  and  molecule)  do  not  have  to  change  as  the 
electron  jump  occurs  and  a  close  collision  is  not  necessary 
(51). 
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(11)  the  non-resonant  process! -  This  process  Is 
represented  by 

A1  4-  B  — »  A  -t  B  + 

This  is  analogous  to  a  quenching  reaction*  For  the  non¬ 
resonant  charge  transfer  to  occur,  the  two  potential  curves 
of  the  system  must  cross  (31,32).  Since  the  potential 
curves  contain  the  vibrational  energy  of  the  system,  the 
charge  transfer  is  usually  accompanied  by  vibrational  ex- 
c itat ion. 

There  are  two  kinds  of  non-resonant  processes,  the 
adiabatic  and  the  non -adiabatic*  In  the  adiabatic  non- 
resonant  charge  transfer,  dissociation  of  one  of  the  mole¬ 
cules  occurs! 

A  -f-  B  — — B  1  -t  C  -j'  D 

In  non-adiabat ic  charge  transfer,  the  system  changes  from 
one  excitation  state  to  another  without  chemical  trans¬ 
format  ion . 

(3)  Electron  capture 

Magee  and  Burton  (33)  have  discussed  the  theory 
of  electron  capture  by  molecules.  In  an  irradiated  system, 
primarily,  electrons,  positive  ions  and  neutral  molecules 
prevail.  The  neutralisation  of  positive  ions  or  the  for¬ 
mations  of  negative  ions  is  determined  by  the  degree  of  com¬ 
petition  between  neutral  molecules  and  positive  ions  in 
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electron  capture. 

(i)  neutralisation  of  positive  ions:-  The 
electron  knocked  out  of  the  neutral  atom  or  molecule  dur¬ 
ing  irradiation,  moves  back  into  its  hole  and  thus  neutralises 
the  ion.  The  heat  of  neutralisation  manifests  itself  in  the 
form  of  excitation  energy.  As  a  result  of  neutralisation  of 
the  ions,  excited  molecules  are  created  and  the  energy  might 
be  dissipated  through  chemical  reaction  or  as  heat. 

(ii)  formation  of  negative  ions:-  Low  energy 
electrons  (  1/3  ev  in  gases,  l/4  ev  in  liquids  (33)  )  some¬ 

times  disappear  by  forming  negative  ions  with  neutral  mole¬ 
cules  rather  than  by  neutralisation  of  positive  ions.  Common 
substances  which  give  negative  ions  by  thermal  electron 
capture  are  oxygen,  water,  alcohols,  alkyl  halides  and  in 
general  all  compounds  in  states  in  which  they  have  low  lying 
vacant  orbitals.  For  capture  of  thermal  electrons  in  a 
dissociative  process,  the  electron  affinity  of  the  ion  pro¬ 
duced  must  be  greater  than  the  strength  of  the  bond  ruptured. 
Such  processes  tend  to  increase  the  ion  pair  yield.  Williams 
and  Essex  (8)  have  reported  an  increase  in  the  ion  yield  by 
negative  ion  formation  during  the  alpha  irradiation  of 
nitrous  oxide. 

(b)  General  mechanisms  of  radiolysis 


Several  general  mechanisms  by  which  radiolytic 
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processes  may  take  place  can  be  found  in  the  literature. 

The  current  trend  of  interpreting  product  formation  during 
radiolysis  by  free  radical  mechanisms  and  ion  molecule  re¬ 
actions  is  also  included. 

(1)  Cluster  mechanism 

Gas  phase  studies  such  as  oxidation,  hydrogenation, 
decomposition  and  polymerisation  of  various  hydrocarbons 
were  performed  by  Lind  (2).  In  these  experiments,  substances 
in  the  vapour  phase  were  mixed  with  radon  and  the  latter 
was  allowed  to  decay  before  the  mixtures  were  analysed. 

The  initial  phases  of  the  reactions  were  not  observed  in 
these  systems.  Lind  explained  the  mechanism  of  these  re¬ 
actions  by  the  formation  of  clusters.  His  cluster  mechanism 
has  been  found  to  be  inadequate  to  explain  the  varied 
aspects  of  radiation  chemistry  developed  in  recent  years 
and  hence  it  is  only  of  historical  importance.  Recently 
Magee  and  Funabashi  (34)  have  attempted  to  calculate  the 
importance  of  clustering  in  gases. 

(2)  Burton^  mechanism 

A  mechanism  of  induction  of  chemical  change  in 
gases  exposed  to  ionising  radiation  has  been  presented  by 
Burton  (35)  based  on  the  experiment  and  theory  of  Eyring, 
Hirschf elder  and  Taylor  (5).  The  ionisation  process  is 
schematically  represented  as 
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A  Mi >  A  '  +  e  —  ( 1 ) 

Here  A  Is  a  reactant  molecule  and  A  Is  the  molecule-ion. 

The  ejected  electron  may  undergo  two  possible  reactions: 

(i)  The  electron  may  combine  with  A  and 
result  in  an  excited  molecule 

A'  +  e  - >  A'  —(2) 

A  knowledge  of  photochemistry  indicates  that  the  possible 
fates  of  this  excited  molecule  are 

bonds  might  break  to  form  radicals  3 ) 

rearrangement  to  give  ultimate  products  --(4) 

(ii)  The  other  possibility  for  the  disappear¬ 
ance  of  this  electron  may  be  in  the  formation  of  a  negative 
ion. 

M  -v-  e - >  M"  —(5) 

M  and  A  may  be  identical.  The  stability  of  M~  depends  on 
its  life  period  before  neutralisation  and  the  various 
potential  energy  relations  inside  the  whole  system.  Possible 
ways  in  which  M~  might  disappear  are: 
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A  +  M  — $  characteristic  reaction  — (7) 

For  about  twenty  years,  Essex  and  coworkers 
have  investigated  gas  phase  radiolysis  reactions  and  as 
a  result  Essex  (36)  has  indicated  that  such  reactions 
are  initiated  by  several  mechanisms.  The  mechanisms 
suggested  by  Essex  are  semi-quantitative  treatments  of 
the  above  mechanisms  (l)  and  (2). 

(5)  Free  radical  mechanism 

It  is  becoming  more  and  more  evident  that  the 
radiolytic  decomposition  of  organic  systems  proceeds 
partly  by  free  radical  mechanism.  By  the  use  of  reactive 
solutes  as  scavengers,  the  free  radical  yields  have  been 
estimated.  More  will  be  said  about  free  radical  scavenger 
studies  elsewhere  in  the  thesis.  Information  concerning 
free  radical  reactions  is  available  in  the  literature 
from  photochemical  studies  (37). 

(4)  Ion-molecule  reactions 

It  was  thought  for  many  years  that  ions  formed 
in  the  primary  process  merely  underwent  neutralisation, 
thus  resulting  in  excited  species  and  free  radicals.  In 
recent  years,  however,  mass  spectrometric  investigations 
(38  -  40)  have  disclosed  many  extremely  rapid  reactions 
between  ions  and  molecules  in  the  gas  phase.  These  re¬ 
actions  occur  so  rapidly  that  they  appear  capable  of 
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competing  favourably  with  neutralisation  reactions.  Re¬ 
actions  of  the  following  type  might  occur  in  radiolytic 
systems: 


M 

> 

Uf  + 

e 

—  (1) 

Mr  +  e 

- > 

M 

-(2) 

M  + 

- -> 

F  +  + 

G 

—  (3) 

M  (N) 

— -> 

P'f  + 

Q 

— — ( 4 ) 

Here  M  and  N  are  reactant  molecules;  F4  and  P  are 
intermediate  ions;  G  and  Q  are  free  radicals. 

According  to  Stevenson  (41),  reaction  (4)  (ion- 
molecule  type)  at  atmospheric  pressure  and  reasonable  dose 
rates  occurs  much  faster  than  the  neutralisation  react ion(2). 
Mass  spectrometric  experiments  (38  -  40)  provide  evidence 
in  support  of  this  vie?/.  Irradiation  reactions  in  hydro¬ 
carbon  gases  studied  by  Lampe  (42)  have  clearly  demonstrated 
the  importance  of  ion-molecule  reactions  in  radiation 
chemistry. 

(c)  Inhibition  mechanisms 

To  isolate  steps  in  radiolytic  mechanisms,  the 
study  of  binary  systems,  particularly  of  pairs  of  compounds 
which  differ  only  slightly  in  properties,  should  be  very 
helpful.  Such  studies  were  made  in  cyclohexane-benzene  and 
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cyclohexane-cyclohexene  systems  by  Burton  and  coworkers  (28, 
43,44). 

It  is  well  known  that  the  product  yields  in  the 
radiolysis  of  some  organic  systems  can  be  markedly  reduced 
by  addition  of  small  amounts  of  certain  substances.  Several 
mechanisms  can  be  invoked  to  explain  such  effects.  These  can 
be  broadly  classified  into  (l)  a  scavenger  effect,  where  the 
additives  combine  with  the  free  radicals  produced  from  ex¬ 
cited  and  ionised  molecules,  and  (2)  an  energy-transfer 
protection  effect  where  the  additives  effect  the  precursors 
of  the  first  chemical  decomposition.  In  the  protection 
effect,  the  additive  appears  to  provide  an  alternate  path 
for  energy  dissipation,  e.g.,  by  inducing  internal  con¬ 
version  in  the  excited  solvent  to  a  lower  excited  state 
which  then  dissipates  its  electronic  energy  as  heat  (45), 
by  excitation  transfer  to  the  additive  or  by  negative  ion 
formation.  Scavenging  and  protection  effects  will  be  dealt 
with  separately. 

(l)  Scavenger  studies 

Reactive  solutes,  used  as  scavengers,  trap  the 
free  radicals  as  they  are  formed,  thereby  eliminating  their 
contribution  to  the  decomposition  products.  From  such 
studies,  it  has  been  possible  to  obtain  information  about 
the  free  radical  processes.  One  such  reactive  solute  very 
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often  used  is  iodine  (46  -  53).  Radioisotope  I  131  has  been 
very  effectively  employed  for  the  identification  of  small 
amounts  of  products  in  the  cases  of  hydrocarbon  vapours  (54) 
and  liquid  butane  (48).  Iodine  appeared  to  have  little  effect 
on  hydrogen  production  in  case  of  cyclohexane  if  its  con¬ 
centration  was  below  10"5  M  (47).  Schuler  (47)  concluded 
that  the  lack  of  effect  at  low  concentrations  makes  it  seem 
evident  that  the  presence  of  solutes  at  low  concentrations 
does  not  affect  the  nature  of  the  primary  chemical  processes. 
However  at  higher  concentrations  its  presence  reduced  the 
yield  of  hydrogen  (47,55).  In  general,  to  study  scavenging, 
the  choice  of  concentration  of  the  scavenger  should  be  care¬ 
fully  made.  If  too  high  a  concentration  of  the  scavenger  is 
employed,  a  misleading  picture  regarding  the  processes  might 
be  conceived  because  of  the  direct  radiolysis  of  the  scaven¬ 
ger.  Recent  work  by  Me  Cauley  and  Schuler  (48)  on  the  re¬ 
action  between  iodine  and  liquid  butane  is  an  illustration 
of  this  fact.  In  this  investigation,  contrary  to  expectation, 
they  obtained  a  large  Increase  in  the  yield  of  high  boiling 

o 

iodides  at  concentrations  above  10"  M  iodine. 

Since  higher  concentrations  of  reactive  solutes 
introduce  complications  and  thus  limit  scavenger  studies  to 
low  solute  concentrations,  the  activation  energy  for  the 
scavenging  reaction  must  be  considerably  lower  than  those 
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for  other  possible  reactions  of  free  radicals.  In  hydro¬ 
carbon  systems,  consideration  of  competition  between  scav¬ 
enging  and  possible  hydrogen  abstraction  is  important.  If 
in  a  system,  scavenging  is  faster,  reaction  (l)  must  pre¬ 
dominate  over  reaction  (2). 

R.  +  S  ^  RS 

R.+R7H - ->  RH+R7 

Here  S  represents  a  scavenger. 

Since  the  activation  energy  for  the  abstraction 
reaction  is  itself  low  (^8  K.  cals/mole)  (37),  the  scav¬ 
enging  reaction  must  have  a  considerably  lower  activation 
energy.  The  evidence  from  the  work  of  Melville  and  Robb 
(56)  is  that  it  has  zero  activation  energy  for  benzene 
and  cyclohexene,  at  least  in  the  gas  phase. 

(2)  Protection  studies 

Cyclohexane-benzene  systems,  in  which  the  produc 
tion  of  hydrogen  decreased  due  to  the  presence  of  benzene, 
have  been  investigated  (28,43,44,57,58).  Instances  where 
cyclohexene  acts  as  a  protector  to  cyclohexane  have  also 
been  studied  (43,57,61).  Based  on  various  other  investiga¬ 
tions,  as  well  as  their  own.  Burton  and  Lipsky  (55)  have 
suggested  several  possible  mechanisms  of  protection.  These 
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(i)  energy  transfer  or  sponge  type  protection 
mechanisms-  If  the  protector  has  an  ionisation  potential 
or  excitation  potential  lower  than  that  of  the  solvent, 
energy  transfer  from  solvent  to  the  protector  may  occur 
either  via  transfer  of  a  virtual  photon  or  by  charge  trans¬ 
fer,  The  probability  of  energy  transfer  by  photon  emission 
depends  upon  whether  it  can  occur  before  the  processes  of 
rupture  and  rearrangement.  In  condensed  systems,  there  is 
more  likelihood  of  a  series  of  resonant  ionisation  trans¬ 
fers  from  solvent  molecule  to  solvent  molecule  until  the 
charge  can  be  trapped  by  the  additive  (62), 

(ii)  quenching  mechanism:-  The  solute  might 
promote  the  distribution  of  the  initially  localised  energy 
among  vibrational  and  rotational  degrees  of  freedom  of 
neighbouring  solvent  molecules.  For  quenching  to  be  effi¬ 
cient,  the  interaction  between  the  quencher  and  the  ex¬ 
cited  molecule  must  compete  effectively  with  the  rapid 
rupture  and  rearrangement  processes.  It  has  been  found  that 
certain  quenchers  may  depopulate  the  excited  states  of 
scintillation  solvents  at  rates  perhaps  a  hundred  times 
greater  than  the  rates  of  radiation  emission  (53), 

(iii)  negative  ion  formation  mechanism:-  Excited 
molecules  may  be  formed  either  by  an  electron  moving  into 
its  positive  hole  or  by  combination  of  a  positive  and  a 
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negative  ion. 

M  “  +  e - ->  M1  --(1) 

M  t  IT - ->  Mq  N  --(2) 

The  excited  states  resulting  from  reaction  (1)  are  in 
general  higher  than  those  resulting  from  reaction  (2) (55). 

If  reaction  (2)  becomes  the  predominant  source  of  excited 
molecules,  the  chemistry  of  the  subsequent  processes  may 
be  greatly  modified;  e.g. ,  rearrangement  may  become  the 
only  decomposition  process  or,  perhaps,  only  metathetical 
reactions  of  the  excited  molecules  may  occur  or  decomposi¬ 
tion  may  be  entirely  prevented. 

(iv)  ion  molecule  reactions:-  When  an  additive  ( 
e.g.,  B)  can  capture  the  ionisation  before  neutralisation 
can  occur 

M+  +  B  - ->  M  -f  B'h 

the  following  neutralisation  reaction  involves  B~*  and  M 
is  thus  protected  against  decomposition. 

(C)  Survey  of  Previous  Studies  of  the  Radiolysis  of  the 
Compounds  used  in  the  Present  Work 

(a)  Cyclohexane 


The  radiolysis  of  liquid  cyclohexane  has  been 
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investigated  by  using  alpha  particles  (59),  electrons  (28, 
43,57,59,60,64,65,66),  Y  -rays  (47,53,58,61,64,67-71),  and 
X-rays  (46,72).  Hydrogen  was  the  major  single  product  in 
all  cases.  Among  the  few  studies  that  have  approached  the 
problem  kinetically,  works  of  Manion  and  Burton  (43), 

Burton  and  Patrick  (28),  and  Freeman  (58)  are  noteworthy. 
The  investigations  of  Manion  and  Burton  (43),  Dewhurst (66 ) , 
and  Freeman  (58)  are  pertinent  to  the  development  of  this 
thesis  and  will  be  briefly  described  here. 

Although  in  two  of  these  investigations  (43,58), 
the  radiolysis  of  pure  liquid  cyclohexane  has  been  investi¬ 
gated,  the  studies  are  diverted  to  the  protection  of  cyclo¬ 
hexane  by  benzene  and  cyclohexene. 

Pure  cyclohexane  was  irradiated  both  in  the 
liquid  and  the  vapour  phase  by  Manion  and  Burton  (43), 
using  electrons.  The  gaseous  products  fractionated  at 
-196°C  consisted  of  hydrogen  and  methane  and  the  -120°C 
fraction  consisted  of  ethane,  ethylene  and  acetylene.  The 
amount  of  polymers  formed  were  estimated  by  allowing  the 
irradiated  liquid  to  evaporate  to  constant  weight.  They  ob¬ 
tained  G  (H2)-5.7,  G  (CH4)  =  0.09,  G  (C2  total) =  0.21, 

G  (Polymer)=  1.7  in  the  liquid  phase  and  G  ( Hg )  =  1.4, 

G  (CH4)=  0.07,  G  (C2H4)"0.31,  G  (CgHe)  0.17  in  the  vapour 
phase  radiolysi3.  The  addition  of  benzene  or  cyclohexene  to 
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the  cyclohexane  caused  the  yields  of  the  gaseous  products 
to  decrease.  The  decreased  yield  was  attributed  to  a 
"Sponge  type"  protection.  A  mechanism  for  the  pure  cyclo¬ 
hexane  radiolysis  in  the  vapour  phase  was  also  indicated. 

Prom  the  ratio  of  G  (C2H4)  to  G  (02%)  equal  to 
1.8  obtained  during  the  vapour  phase  radiolysis,  Manion 
and  Burton  suggested  that  these  products  were  formed  by 


opening  reaction 

followed 

by  "unpeeling". 

c6h12+  h 

- > 

-(CH2)5  -  CHj 

/ 

— (1) 

^2%  + 

\l- 

-(cap,,  -  ch3 

I 

—  (2) 

C2H4 

'l 

+  -c2h5 

—  (3) 

The  ethyl  radical  ultimately  was  assumed  to  yield  ethane 
either  by  combination  with  a  free  H  atom  or  by  reaction  with 
a  hydrogen  molecule.  They  postulated  that  the  hydrogen  atom 
involved  in  reaction  (1)  was  probably  hot  so  that  reactions 
(1)  to  (3)  were  reasonable. 

Dewhurst  (66)  analysed  the  products  of  liquid 
cyclohexane  radiolysis  and  found  a  linear  C0  hydrocarbon 
(hexene),  methyl  cyclopentane,  cyclohexene,  intermediate 
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cyclohexanes,  dicyclohexyl  and  cyclohexyl-cyclohexene.  But 
the  only  measured  yields  were  G  ( cyclohexene) ~  2.5  and 
G  (dicyclohexyl) =  2.0.  The  major  products  formed  in  the 
radiolysis  of  liquid  cyclohexane  were  attributed  to  C  -  H 
bond  scission  without  the  rupture  of  the  ring.  The  minor 
products  were  ascribed  to  the  fragmentation  and  isomerisation 
of  the  ring  system. 

Pure  liquid  cyclohexane  and  systems  consisting  of 

mixtures  of  cyclohexane-benzene  (58)  and  cyclohexane -eye la- 

0  0 

hexene  (61)  were  also  studied  by  Freeman,  using  Go°  "( -rays. 
The  conclusion  that  at  least  two  chemically  active  species 
of  cyclohexane  exist  was  reached.  Of  the  two  active  species, 
one,  designated  by  e-CgH^"  was  protected  by  benzene  (or 
cyclohexene)  and  the  other  was  not.  The  approximate  yields 
of  these  two  active  species,  as  determined  by  kinetic  an- 
alysis ,  were  G  (c-CgH^g"  )  ~  3.010.4  and  G  (c-GgH^’  )  = 

2.4  +  0.4.  In  the  cyclohexane -benzene  system,  in  addition 
to  the  usual  products,  cyclohexyl-cyclohexadiene  and  dicyclo- 
hexadiene  were  reported.  A  mechanism  consistent  with  the 
product  yields  was  given  and  Is  mentioned  below. 
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IT 

6h12 

+  C6H6  - 

— > 

°-C6H12+  C6H6 

—  (3) 

c-C  H  * 

6  12 

- > 

c-CaH  +  H 

6  ii 

-(4) 

H  -t 

c-C  H 

6  12 

— > 

H2+°-C6HH 

—  (5) 

H  + 

C-H 

6  6 

— > 

C6^7 

—  (6) 

By  kinetic  treatment.  Freeman  found  that  the 
effects  were  split  into  two  quite  distinct  benzene  con¬ 
centration  regions.  At  low  benzene  concentrations  rapid 
scavenging  occurred  with  a  certain  fraction  of  the  hydrogen 
atoms.  At  higher  benzene  concentrations  energy  transfer 
protection  seemed  also  to  occur.  Since  the  total  yield  of 
cyclohexadiene  polymers  were  found  to  be  directly  propor¬ 
tional  to  the  electron  fraction  of  cyclohexane,  the  follow- 
ing  reactions  were  suggested.  The  reactions 

c-C6Hl2‘  >  c-CgH^-t  H  -  =  (  4f  ) 

and  H  +  C6H6  - >  —(6) 

occur  rapidly  by  comparison  with 

c“C6Hia'  +  °6H6  *  c“C6H12  '  C6H6 

and  H  +  c-CgH^g  - >  H^  +  c-CgH^  —(5) 

where  c-C„H  '  represents  a  particular  activated  species 
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of  cyclohexane.  For  another  excited  species  c-C0H-^11,  the 
react  ion 


C-O.H  "+  C  H  - >  c-C  H  -+•  C  H 

6  12  6  6  6  12  6  6 

is  sufficiently  rapid  that  it  may  compete  with 


—  (3"  ) 


c-C~H. 


6  12 


->  C-CgH-Q  •+  H 


-U") 


The  heavy  radicals  react  as  follows: 


2  c-CqH^  - — ^  ( c  — Cg  )  2 


—  (7a) 


->  o-C6H10+  c-C6H12  -(7b) 


c-CgH^t  c-CgH^  - ->  c-GgH^  -  CgH^  --(8a) 


( eye lohexyl-cyc lohexad ien  e ) 


c-C0Hlo+  c-CqEq  —(8b) 

( eye 1 ohexad ien  e ) 


c-C~H  0  +  C_H  —(8c) 

6  12  6  6 


2  c-G 


6^7 


(c-CgBt^g  —(9a) 

( d 1c  ye 1 ohexad ien  e ) 


-> 


c6%  +  °"C6H8 


—  (9b) 


Cyclohexyl  hexene,  one  of  the  products  detected, 
was  suggested  to  be  formed  by  the  reactions 
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iv 

c"C6Hl2  ~ 

— >  c-CgH^  H 

—do) 

c“C6Hll 

CHg  =  CHCHgCH^CHgCHg 

— di) 

ch2=ch(ch2)4  +  c-c6hi;l 

_>  c-CsH11(CH2)4  CfrCBg 

— d2) 

Due  to  the  absence  of  a  sudden  large  decrease  in 

G  (cyclohexyl  hexene)  at  low  benzene  concentrations.  Freeman 
iv 

classed  a^-onS  wi^k  c~C6H12  sPecies  ra^her  than 

with  those  represented  by  c-CgH^*. 

Although  liquid  cyclohexane  radiolysis  has  been 
vastly  studied,  there  have  been  very  few  investigations  of 
cyclohexane  vapour  (43,73).  Henri  and  coworkers  (73)  irra¬ 
diated  several  Cg  hydrocarbons  with  radon  alpha  particles* 
They  suggested  that  the  parent  hydrocarbon  underwent  ex¬ 
citation  and  ionisation  followed  by  rupture  of  the  molecule 
into  two  or  more  ions  or  free  radicals.  These  fragments 
then  recombine,  on  primarily  a  statistical  basis,  until 
all  the  electrical  charges  and  free  valence  bonds  were 
neutralised. 

(b)  Cyclohexene 

The  radiolysis  of  cyclohexene  vapour  by  radon 
alpha  particles  has  been  investigated  by  Henri  et  al  (73), 
The  major  products  obtained  were  hydrogen  (G  =  1,07',  ethylene 
(G  1.30),  acetylene  (G  =  0.49),  methane  (G  0.27)  and 
propylene  (G=0.19)  with  minor  amounts  of  benzene  (G  0.07), 
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C4  hydrocarbons  (G=0.05),  ©thane  (G  0,04)  and  propane 
(G  0.02),  The  mechanism  of  decomposition  was  discussed 
in  a  general  way. 

An  investigation  of  the  Y“ -radiolysis  of  liquid 
cyclohexene,  with  a  fairly  complete  analysis  of  the 
products,  was  made  by  Freeman  (61).  The  detected  products 
and  their  G  values  mentioned  in  parenthesis  were  as 
follows!  hydrogen  (1.2),  ethylene  (0.16),  acetylene  (0.022), 
hydrocarbon (0.10) ,  cyclohexane  (1.0),  dicyclohexenyl 
(1.36),  cyclohexyl  cyclohexene  (0.22),  dicyclohexyl  (0.11), 
total  Cj2  hydrocarbons  (1.96)  and  total  polymer  (8  cyclo- 
hexene  units).  The  term  "polymer11  includes  the  C^g  hydro¬ 
carbons.  The  formation  of  the  major  identified  products 
was  explained  by  the  following  mechanism: 


c-CgHio 

c  -Gg  h10 

—  (1) 

,vWL_>  o-c6h10 

—  (la) 

c=C6Hio 

>  c-CgHg-h  cold  H 

—  (2) 

c-C6H10 

_ _ d?  c-CgHg  +  hot  H 

-(2a) 

hot  H 

+  c-CgH10 

-(3) 

cold  H 

+  c-C6hi0 

>  c“c6H11 

-(4) 

c-C6hh 

1  c"G6H10 

" — t'  c~C6H12^  c~C6H9 

-(5) 

, 

■ 

'  •- 

. 


* 

;  : 
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~ 

--- 

- 

'  .  ■ 

•  -  - 


2  c-CgHg  - >  (c-CgHgJg  — (6a) 

( d ic  y c 1 ohexeny 1 ) 

c_C6H10  +  0_C6I%  —(6b) 

0_C6H9+  °-C6hU  - ->  e-CgHg  -  C6H1;l  --(7a) 

(cyclohexyl  cyclohexene) 

-->  c-CgHg  +  c-C6H12  —(7b) 

2  o-C6H10  —(7c) 

2  c-C6Hn  — (o-C6H1;l)2  —(8a) 

(dicyclohexyl) 

c-C6hio+  c"G6H12  --(8b) 


Freeman  postulated  the  existence  of  two  active 
species  of  cyclohexene.  One  active  species  decomposed  to 

u  if  u  H 

cold  H  atoms  and  the  other  to  hot  hydrogen  atoms.  The  cold 
H  atoms  added  to  the  cyclohexene  molecules  and  the  hot  H 
atoms  abstracted  from  the  cyclohexene.  The  formation  of 
hydrocarbon  (probably  butadiene)  was  attributed  to  ring 
cleavage  of  cyclohexene.  The  value  for  the  ratio  k^a/( kgak^) 
was  found  to  be  0,45  ±  0,08, 

(c)  Benzene 

Many  workers  have  radiolyt ically  investigated  the 
decomposition  of  liquid  benzene  (43,44,58,76)  and  benzene 
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vapour  (43,73-75).  The  100  ev  yields  of  hydrogen,  0(1%), 
in  the  vapour  phase  are  at  variance  and  range  from  0.011  (43) 
to  0.3  (73).  Theoretically,  Burton  (as  in  Ref. 74)  predicts 
G  (gas)  to  be  2  for  benzene  vapour. 

A  comparison  of  vapour  and  liquid  benzene  radio- 
lyses  has  been  made  by  Manion  and  Burton  (43).  Ethylene  is 
not  produced  in  the  radiolysis  of  liquid  benzene  although 
it  is  produced  with  a  yield  of  G  (CgH4)~  0.05  from  benzene 
vapour.  A  simple  interpretation  for  the  formation  of  low 
molecular  weight  straight  chain  hydrocarbons  such  as  C2H2 
and  C2H4  was  attempted.  This  interpretation  was  made  on 
the  basis  of  the  work  of  Schiff  and  Steacie  (77)  and  Scott 
and  Steacie  (78)  where  the  formation  of  low  molecular 
weight  straight  chain  hydrocarbons  was  attributed  to  the 
cracking  of  the  gaseous  benzene  by  epithermal  hydrogen  atoms. 
Manion  and  Burton  ascribe  the  production  of  acetylene  and 
ethylene  in  the  radiolysis  of  gaseous  benzene  to  hot  hydrogen 
atoms  produced  in  the  primary  step.  A  hydrogen  atom  opens 
the  benzene  ring  in  accordance  with  reaction  (l)  and  the 
opened  ring  unpeels  by  successive  reactions  (la). 


H+  C6H6 

—  (1) 

-C6H7 

CH  =  CH  -h  -C4H5 

2  CH  =  CH t  -C2H3 

—  (la) 

-(la) 

- 

. 
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The  C2H3  ultimately  captures  a  hydrogen  atom  to  give  C2H4. 
Alternatively,  after  the  formation  of  ( -CgH^)  by  reaction  (l), 
the  formation  of  acetylene  and  ethylene  might  take  place  by 
the  following  reactions: 


-CgHy  4  H  — ->  C6Hg 


The  G  values  that  they  reported  for  the  products  were  not 
absolute  and  hence  are  of  only  relative  significance. 


Henri  et  al  (73)  irradiated  benzene  vapour  by 


radon  alpha  particles  and  found  the  following  product 
yields:  hydrogen  (G  =  0*3),  methane  (G^O.Ol),  acetylene 
(G  0,42),  ethylene  (G  7=0.02)  and  ethane  (G-  0.006).  No 
mechanism  for  the  decomposition  of  benzene  vapour  was 
suggested* 

(d)  Propylene 


The  *f-  radiolysis  of  propylene  has  been  recently 


studied  by  Back  (79).  The  gas  yields  from  the  vapour  phase 
radiolysis  of  various  hydrocarbons  reported  in  two  papers 
by  Back  (79,80)  are  not  entirely  self-consistent,  but  the  value 
of  G  (H2)  1.3  -  2.4  can  be  calculated  for  propylene  from 

his  results* 

(e)  Methyl  cyclohexane 


There  are  only  a  few  references  made  in  the 
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literature  to  the  radiolysis  of  methyl  cyclohexane  (57,72, 
81),  Schoepfle  and  Fellows  (57)  irradiated  methyl  cyclo¬ 
hexane  by  cathode  ray  bombardment  during  a  comparative 
study  of  hydrocarbons.  Only  percentage  yields  of  gases 
were  measured.  Liquid  methyl  cyclohexane  radiolysis  by 
Flanagan  and  coworkers  (81)  shows  G  (total  gas)=4.5. 

Weber  et  al  (72)  have  done  scavenging  studies  by  irradi¬ 
ating  a  solution  of  iodine  in  methyl  cyclohexane  with 
x-radiation.  They  studied  iodine  disappearance  as  a  func¬ 
tion  of  dose  and  molecules  reacting  per  100  ev  of  energy 
absorbed  at  several  iodine  concentrations.  It  was  found 
that  the  rate  of  iodine  disappearance  was  nearly  inde¬ 
pendent  of  iodine  concentration  in  the  range  0.0001  M  to 
0.0006  M  (G  ( -Ig ) =  3.1).  The  disappearance  of  iodine  was 
attributed  to  reaction  with  organic  radicals  and  not  to 
reaction  with  hydrogen  atoms.  In  that  study,  the  radical 
yield  measured  by  the  uptake  of  iodine,  in  the  case  of 
some  hydrocarbons,  G(R)~  6.8,  was  found  to  be  in  approx¬ 
imate  agreement  with  the  value,  G(R) =  7.0,  obtained  by 
Chapiro  et  al  (82,83)  who  used  diphenyl  picryl  hydrazyl 
as  the  radical  detector. 

( f )  Et  han  ol 

In  the  radiolysis  of  organic  compounds  in  general, 
the  investigations  of  those  with  generic  groups  are 
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relatively  few  in  number.  Me  Lennan  and  Patrick  (84)  were 
the  first  to  report  the  products  from  cathode  ray  bombard¬ 
ment  of  methyl  and  ethyl  alcohol  vapours.  The  products 
were  hydrogen,  carbon  monoxide,  carbon  dioxide,  methane  in 
the  case  of  methanol  and  ethane  in  the  case  of  ethanol. 

In  the  non-gaseous  products,  formaldehyde  and  acetaldehyde 
were  found,  methyl  alcohol  favouring  formaldehyde  and 
ethyl  alcohol  favouring  acetaldehyde  formation®  Me  Donell 
and  Newton  (85)  irradiated  a  series  of  liquid  alcohols 
with  28  Mev  helium  ions.  From  both  these  pioneer  works, 
it  was  evident  that  hydrogen  was  the  major  single  product, 
followed  by  glycols  and  aldehydes.  Me  Donell  and  Newton 
concluded  from  their  study  that  hydrogen  was  formed  ex¬ 
clusively  from  the  CHg  group  in  the  case  of  ethanol.  The 
only  alcohol  that  did  not  give  hydrogen  as  the  major  single 
product  was  tertiary  butyl  alcohol  (85).  In  this  case  more 
methane  than  hydrogen  was  produced.  The  reason  attributed 
for  greater  production  of  methane  in  the  case  of  tertiary 
butyl  alcohol  was  that,  since  no  alpha  C-H  bonds  were 
present,  the  next  most  readily  broken  bonds  were  the  alpha 
C-C  bonds. 

It  is  evident  from  the  above  that  the  bonds  on 
the  carbon  alpha  to  the  -OH  group  are  the  most  easily  rup¬ 
tured.  One  explanation  for  this  preferential  rupture  is 
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based  on  the  concept  of  formation  of  trivalent  oxygen, 
derived  from  mass-spectral  experiments  (86,87).  It  is 
assumed  that,  in  the  positive  ethanol  ion,  the  charge 
is  localized  on  the  oxygen  thereby  causing  it  to  behave 
as  a  trivalent  atom.  As  a  consequence  the  oxygen  atom 
attempts  to  form  a  bond  with  atoms  that  approach  within 
bond  length  distance.  Thus  it  may  tend  to  form  an  additional 
bond  with  the  carbon  atom  to  which  it  is  already  attached 
and  as  a  consequence  the  other  three  bonds  of  that  carbon 
are  weakened. 

The  various  products  formed  during  the  radiolysis 
of  liquid  ethanol,  and  their  G  values  given  in  parenthesis, 
are  (85):  hydrogen  (3.46),  acetaldehyde  (1.71),  vicinal 
glycols  (1.05),  water  (0.81),  methane  (0.43),  formaldehyde 
(0.30),  ethane  (0.17),  ethylene  (0.17)  and  carbonmon oxide 
(0.11). 

To  find  the  possible  modes  of  hydrogen  formation. 
Burr  (88)  studied  the  Co^  >  -radiolysis  of  a  series  of 
five  deuterated  ethanols.  Prom  the  rates  of  hydrogen  pro¬ 
duction  and  mass-spectral  studies  (89),  Burr  proposed  a 
mechanism  for  the  radiolytic  decomposition  of  ethanol. 

CH^CHgOH  'Vi - ->  CHgCBgOH  --(l) 


CHgCHgOH 


CHgCHOH  t-  H  (100$) 


—  ( 2 ) 
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H  1  CH3CH20H 

- » 

H2  +  CH3CH20  ( 80-90$) 

—  (3) 

h  +  ch3ch2oh 

- — -> 

H2  +CH2CH20H  (10-20$) 

-(4) 

2  CH3CH0H 

— > 

(CH3CH0H)2 

—  (5) 

2  CH3CH0H 

— > 

CH3CH0  ■+  CH-jCHgOH 

—  (6) 

2  CH3CH20 

_ _ } 

CH3CH0  +  CHgOHgOH 

—  (7) 

It  appeared  that  hydrogen  production  proceeded 
via  a  radical  process  wherein  the  hydrogen  atoms  originated 
almost  exclusively  from  the  group.  Prom  the  measure- 

ments  of  the  deuterium  content  of  the  rad i ©lytic  hydrogen, 
it  was  concluded  that  the  ensuing  abstraction  reaction 
occurred  principally  on  -OH  hydrogen  by  reaction  (3),  with 
a  small  amount  occurring  at  the  CH^  group  by  process  (4). 

In  the  above  mechanism,  no  mention  was  made  of  the  fate  of 
(CHgCHgOH).  It  also  left  water,  methane  and  formaldehyde 
unaccounted  for. 

Burr  gives  as  evidence  in  support  of  reactions 
(5),  (6)  and  (7)  the  fact  that  since  the  aldehyde  can  be 
formed  from  both  radicals  and  the  glycol  can  only  be  formed 
from  only  one,  there  should  be  twice  as  much  aldehyde  as 
glycol;  the  G  values  for  aldehydes  and  glycols  in  Me  Donell 
and  Newton’s  work  were  2.2  and  1.05,  respectively.  This 
assumes  that  the  rates  of  reactions  (5)  and  (6)  are  equal 
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but  no  reason  was  given  for  this  assumption. 

The  primary  process  demonstrated  above  is  the 
rate  determining  cleavage  of  a  C-H  bond  followed  by  a 
rapid  hydrogen  abstraction.  The  values  of  kjj/k-p  (ratio 
of  rates  of  H  and  D  formation),  which  have  been  observed 
for  a  number  of  rate  determining  C-H  bond  cleavages  which 
occur  near  room  temperature,  range  from  6-10  (90).  This 
ratio  decreased  with  increasing  reaction  temperature  to  a 

minimum  value  of  1.4  (90).  Burr  evaluated  this  ratio  from 
his  experimental  data  and  found  the  ratio  to  be  1,3.  This 
suggests  that  the  rate  determining  process  in  ethanol 
radiolysis  is  one  of  high  equivalent  temperature.  In  other 
words,  the  primary  disengagement  of  hydrogen  atoms  occurs 
from  a  molecule  of  high  energy  content  (an  excited  or 
ionised  species).  This  is  one  of  the  first  experimental 
confirmations  of  the  postulated  excited  species  in  the 
radiolysis  of  organic  compounds, 

(D)  Dosimetry 

The  amount  of  change  brought  about  in  an  irradi¬ 
ated  system  is  often  proportional  to  the  amount  of  energy 
actually  absorbed.  The  amount  of  energy  absorbed,  in  ergs 
per  gram  of  the  irradiated  material,  is  called  the  physical 
dose.  The  measurement  of  this  dose  is  the  subject  that 
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constitutes  dosimetry.  Before  going  into  the  various 
methods  of  measurement,  it  would  be  proper  to  understand 
the  units  used  in  dosimetric  measurements. 

Most  of  the  earlier  measurements  were  expressed 
in  terms  of  the  roentgen.  The  definition  of  the  roentgen 
reads:  "One  roentgen  is  the  quantity  of  X  -  or  Y~ -radiation 
such  that  the  associated  corpuscular  emission  per  0.001293 
grams  of  air  produces,  in  air,  ions  carrying  1  e.s.u.  of 
quantity  of  electricity  of  either  sign"  (91).  Roentgens 
per  minute  is  a  unit  of  beam  intensity. 

Another  important  unit  is  the  rad.  The  rad  is  a 
unit  of  dose  and  corresponds  to  the  absorption  of  100  ergs 
per  gram.  The  measurement  of  dose  in  terms  of  rads  has  an 
advantage  over  that  measured  in  roentgens.  Since  the 
roentgen  is  a  unit  of  beam  intensity  and  is  related  to  the 
ionisation  of  air,  to  convert  roentgens  into  energy  ab¬ 
sorption  in  a  specimen,  the  amount  of  energy  required  to 
produce  an  ion  pair  (W)  must  be  known.  As  experimental 
determinations  of  W  have  varied,  so  has  the  figure  for 
energy  absorption.  Where  the  basic  measurements  are  carried 
out  in  terms  of  the  rad,  this  factor  no  longer  intervenes 
(45). 

A  number  of  physical  methods  involving  the  use  of 
ionisation  chambers  (93)  ,  calorimeters  (94)  and  other 
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instruments  (95,96),  can  be  used  to  measure  the  energy 
absorbed.  In  this  chapter,  however,  only  chemical  methods 
of  measuring  dose  are  described. 

Solid,  liquid  and  gas  phase  chemical  systems 
have  been  employed  in  dosimetry. 

Among  the  gel  and  solid  dosimeters,  resazurin 
in  agar  (97)  and  chloral  hydrate -agar  gel  (98)  are  well 
known  and  are  useful  for  depth  dose  measurements.  The 
chloral  hydrate-agar  gel  dosimeter  requires  a  minimum  dose 
of  2000  rads  for  reasonable  accuracy.  These  systems  change 
colour  with  increasing  energy  absorption. 

Among  the  gas  phase  dosimeters,  the  decomposition 

of  nitrous  oxide  and  the  condensation  of  acetylene  are  in 

use.  Harteck  and  Dondes  (99)  suggested  a  dosimeter  based  on 

the  decomposition  of  nitrous  oxide  into  oxygen,  nitrogen 

and  nitrogen  di  oxide.  The  doses  can  be  measured  either  from 

the  nitrogen  plus  oxygen  evolved  or  from  the  nitrogen  di  - 

oxide.  The  nitrous  oxide  dosimeter  can  be  used  in  the  range 
4  Q 

5  x  10  to  about  10  rads.  The  condensation  of  acetylene  to 
benzene  (0  (benzene)  r  5.1)  was  suggested  as  a  dosimeter  by 
Dorfman  and  Shipko  (100).  This  acetylene  system  appears  to 
be  preferred  by  workers  in  the  vapour  phase  and  is  independ¬ 
ent  of  the  initial  acetylene  pressure  and  radiation  intensity. 

Acidic  solutions  of  ferrous  sulphate,  called  the 
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Fricke  dosimeter  (101,102)  and  of  ceric  sulphate  (103,104, 
105)  are  the  familiar  ones  in  the  class  of  liquid  dosimeters. 
The  ceric  sulphate  system,  though  similar  to  the  ferrous 
sulphate  system  in  its  concentration  and  energy  independence, 
is  still  not  very  popular  on  account  of  its  extreme  sen¬ 
sitivity  to  impurities.  The  Fricke  dosimeter  is  the  most 
widely  used  and  is  considered  most  reliable. 

The  Fricke  dosimeter  solution  is  prepared  by 
dissolving  ferrous  ammonium  sulphate  (1  mM)  and  sodium 
chloride  (1  mM)  in  0.8  N  sulphuric  acid.  The  reagents  used 
must  be  analytical  grade  and  the  water  must  be  doubly  dis~ 
tilled*  The  ferrous  ions  get  oxidised  to  ferric  ions  under 
the  influence  of  the  ionising  radiation.  The  ferric  ion  con¬ 
centration  is  usually  estimated  spectrophot ometrically  by 
measurement  at  304  m/*-  •  There  is  a  spectrophot ometric  tem¬ 
perature  coefficient  of  about  0.8  percent  per  centigrade 
degree  between  20°C  and  30°C  (106,107).  The  useful  range  of 
this  dosimeter  is  from  4  to  40  K.rads;  but  it  can  be  extended 
to  200  K.rads  by  saturating  the  solution  with  oxygen  and 
increasing  the  ferrous  sulphate  concentration  (92),  Best 
results  are  obtained  when  concentrations  of  ferrous  ions 
are  kept  between  1  mM  and  0.1  mM  (92,108). 

The  Fricke  dosimeter  can  be  modified  for  use  both 
at  low  doses  (0  -  100  rads)  and  high  doses  (up  to  10°  rads). 
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The  low  dose  measurements  involve  the  use  of  Fe59  as  a 
tracer  (109),  The  applicability  of  the  Fricke  dosimeter 
for  high  doses  was  developed  by  Hart  and  Walsh  (110)  by 
using  1  mM  ferrous  ion,  10  mM  copper  sulphate  and  0.01  N 
sulphuric  acid. 

As  has  already  been  mentioned  (  Sect.  A,  Page  7), 
alpha  particles  and  electrons  differ  from  one  another  in 
the  density  of  ionisations  and  excitations  they  produce 
along  their  paths.  This  difference  is  due  to  the  varying 
amounts  of  energy  loss  per  unit  path  length  sustained  by 
the  ionising  particles.  This  energy  loss  is  quantitatively 
described  in  terms  of  an  average  energy  loss  per  unit  path 
length  (linear  energy  transfer,  LET).  Heavy  particles  such 
as  alphas  sustain  greater  LET  due  to  their  low  velocity  and 
as  a  consequence  produce  tracks  of  continuous  ionisation  and 
excitation.  Faster  charged  particles  such  as  electrons  suffer 
a  smaller  LET  and  produce  tracks  of  ionisation  and  excitation 
of  lower  density. 

This  LET  effect  is  very  well  illustrated  in  the 
different  yields  of  Fe  when  ferrous  sulphate  is  irradi¬ 
ated  by  alpha  particles  and  electrons. 

The  general  reactions  postulated  to  explain  the 
formation  of  Fe  are  as  follows: 
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Prom  the  above  equations,  it  is  evident  that  each  hydrogen 
atom  produces  three  ferric  ions.  In  the  case  of  electrons, 
hydrogen  atoms  are  produced  in  sparsely  distributed  hot 
spots  and  hence  will  be  available  for  the  above  reactions. 
In  the  case  of  alpha  particles,  due  to  the  presence  of  con¬ 
tinuous  columns  of  ionisation  and  excitation,  there  will  be 
greater  chance  for  hydrogen  atoms  to  recombine  to  form  Hg 
and  thus  not  be  available  for  the  above  reactions.  This 
decreases  the  ferric  ion  yield  in  the  case  of  alpha  irradi¬ 
ation. 

Thus  in  the  literature,  values  of  G  (Pe  1  1  )  for 

Po2-1-0  alpha  particles  ranging  from  4.7  to  6.2  (111  -  118) 
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have  been  reported.  These  values  are  far  lower  than  the 
generally  accepted  value  for  G  (Pe  1  1  )  s=  15.5  (92)  in 

the  field  of  X-,  1  -  and  P -ray  dosimetry.  In  the  present 

thesis,  an  average  value  of  G  (Pe  )  -  5.5,  has  been 
adopted  to  calculate  the  energy  output  of  the  Po^*^  source. 

(E)  Scope  of  the  Present  Work 

Both  C-C  and  C-H  bonds  can  be  broken  when  hydro¬ 
carbons  are  irradiated  and  the  highly  reactive  fragments 
formed  are  capable  of  a  variety  of  reactions,  including 
reaction  with  each  other.  As  both  C-C  and  C-H  bonds  are 
broken,  the  products  formed  are  hydrogen  and  hydrocarbons 
of  both  higher  and  lower  molecular  weights  than  the  original. 
Primary  ionisations  and  excitations  occur  in  all  the  physical 
states  of  a  system  but  the  reactions  of  the  ions  and  excited 
molecules  might  be  dependent  on  the  state.  Different  product 
yields  have  been  observed  in  the  different  phases.  In  the 
liquid  phase,  the  rate  of  formation  of  hydrogen  and  of  lower 
hydrocarbons  appears  to  be  less  than  that  in  the  vapour, 
possibly  owing  to  collisional  deactivation  or  to  a  greater 
extent  of  radical  recombination  within  the  liquid  cages. 

To  investigate  the  differences  in  the  radiolyses  of  liquids 
and  vapours,  in  this  laboratory  the  radiolyses  of  cyclo¬ 
hexane,  methyl  cyclohexane  and  ethanol  and  of  the  mixtures 
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of  each  with  benzene  and  cyclohexene  are  being  investi¬ 
gated  in  both  liquid  and  vapour  phases.  This  thesis  is 
confined  to  the  vapour  phase  radiolyses  of  the  above 
mentioned  compounds  and  their  binary  solutions,  using 
Po210  alpha  particles. 
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II  EXPERIMENTAL 

(A)  Apparatus 

The  apparatus  used  In  these  investigations 
consists  of  three  manifolds,  inter-linked  with  one  another. 
They  are: 

(1)  the  main  manifold  where  the  gaseous  reaction 
products  were  measured. 

(2)  the  auxiliary  manifold  which  served  the  two  fold 
purpose  of  discarding  waste  gases  after  being  measured  in 
the  McLeod  -  Toepler  gauge  and  transferring  the  pure  samples 
from  the  reservoir  into  the  main  manifold  for  irradiation 
purposes. 

(3)  the  calibration  manifold  used  for  determining 
the  calibration  constants  of  gases  which  were  expected  to 
be  products  from  the  irradiations  of  various  hydrocarbons 
and  the  alcohol. 

A  brief  description  of  each  of  these  manifolds 

follows: 

(a)  Main  manifold 

Figure  1  is  a  diagram  of  the  main  manifold.  The 
reaction  chamber,  where  the  irradiations  were  carried  out, 
consisted  of  a  one  litre  bulb  fitted  with  an  outer  B19  (24/40 
in  the  later  experimental  work)  ground  glass  joint  at  one 
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end  and  a  high  vacuum  stopcock  at  the  other  end. 

Figure  2a  represents  the  Po2l°  probe.  An  inner 
B19  (or  24/40)  joint  was  made  into  a  test  tube  and  a  glass 
tube  with  a  tungsten  seal  was  passed  through  the  B19  (or 
24/40)  and  fused  in  a  condenser  seal.  The  Po2-1-0  alpha 
source  was  cemented  to  this  glass  tube  by  a  mixture  of 
araldite  502  and  catalyst  araldite  951  in  the  proportions 
10:1.  A  copper  wire  soldered  to  the  stem  of  the  polonium 
probe  was  attached  to  the  tungsten  wire  in  the  inner  glass 
tube  and  this  tungsten  wire  was  grounded  to  insure  that 
a  negative  charge  did  not  build  up  on  the  polonium  source. 

Such  a  build  up  of  charge  might  have  increased  the  tendency 
for  polymer  to  form  on  the  probe,  thereby  ruining  the  source. 

The  B19  (or  24/40)  joint  with  the  Po^10  source 
was  fitted  into  the  outer  B19  (or  24/40)  of  the  litre  bulb, 
using  silicone  grease.  The  junction  was  covered  with  an 
improved  type  of  Dekhotinsky  cement.  A  furnace  was  constructed 
around  the  reaction  vessel  using  nichrome  wire  (2  ohms  per 
foot  resistance)  and  asbestos.  This  enabled  one  to  heat  the 
whole  vessel  keeping  the  reactants  in  the  vapour  phase  dur¬ 
ing  irradiation.  A  c opper-constantan  thermocouple,  buried 
in  the  asbestos  against  the  wall  of  the  reaction  chamber  was 
used  in  conjunction  with  a  potentiometer  (Leeds  and  Northrup) 
to  measure  the  temperature  of  the  litre  bulb. 


. 

•  , 

.  ■ 

■  :  ■ '  r  *  ••  -  . 

* 

•  r.  a.:  t: 

L 

* 

_ 

■  '  .  ' 

•  ■ 


.i 


'  -  ■■  ,  tl  ' 


- 

- 

< 

-  ■■■  . 

,  ;  :  ?■  : 

.  :: 

■ 

. 

;  ) 

-  48 


Figure  2a 

Figure  2b 

Figure  2c 


Figure  2a 


1.  Ground 

2.  Tungsten  wire 

3.  B19  inner  joint 

4.  Copper  wire 

5*  Polonium  source 

6.  Active  surface 

Figure  2b 
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for  irradiation 
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The  bulb  was  attached  to  a  calibrated  tube 
through  stopcock  1.  Two  small  traps  were  connected  to  the 
calibrated  tube  through  stopcocks  2  and  4,  These  two  small 
traps  which  served  for  trapping  the  liquids  before  the 
gases  were  measured,  were  connected  to  a  Toepler  pump  - 
Me  Leod  gauge  combination  through  stopcock  6.  A  small  test- 
tube  with  a  12/30  joint  was  attached  through  stopcock  5  to 
the  main  manifold.  This  test-tube  facilitated  the  intro¬ 
duction  of  fresh  samples  into  the  main  manifold  and  tak¬ 
ing  out  the  irradiated  ones  from  the  manifold  for  analysis. 

In  the  construction  of  this  section  of  the  manifold,  the 
apparatus  was  made  as  compact  as  possible  to  keep  the 
volume  to  a  minimum.  Stopcock  3  connected  this  section  to 
a  long  glass  tube  (2g  mm  O.D. )  into  which  a  pirani  gauge 
(Consolidated  Vacuum  Co.  model  2201-03)  was  sealed.  This 
long  tube  was  connected  to  a  Welsch  duo-seal  vacuum  pump 
through  a  succession  of  stopcock  7,  a  cold  trap,  a  mercury 
diffusion  pump,  stopcock  8  and  a  cold  trap. 

(b)  Auxiliary  manifold 

Figure  2b  represents  the  auxiliary  manifold.  A 
reservoir  (to  store  the  vacuum  distilled  liquids  to  be 
irradiated)  was  connected  to  the  main  manifold  via  a  mercury 
cut-off.  The  other  end  of  the  mercury  cut-off  was  connected 
to  a  Welsch  duo-seal  vacuum  pump  through  a  three  way  stopcock. 
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From  the  exit  end  of  the  Me  Leod  gauge,  the 
gaseous  products  were  removed  for  gas  chromatographic 
analysis  on  a  Burrell  Kromo-Tog  K2  in  a  specially  designed 
cell  as  shown  in  Figure  2c.  This  cell  was  connected  to  the 
auxiliary  line  through  a  12/2  hemispherical  joint. 

(c)  Gas  calibration  manifold 

Three  one-litre  bulbs  provided  with  stopcocks 
were  joined  to  a  10  mm  glass  tubing.  This  glass  tubing  in 
turn  was  connected  to  the  main  manifold  by  a  three  way 
stopcock.  As  a  continuation  of  this  glass  tubing  and  beyond 
the  three  way  stopcock,  a  small  cold  trap  and  a  mercury 
gas  bubbler  were  connected  by  12/2  hemispherical  joints. 

This  manifold  enabled  one  to  put  the  required  gases  into 
the  bulbs  and  transfer  them  to  the  specially  designed  gas 
sampler  for  analysis.  A  mercury  manometer  situated  just 
before  the  three  way  stopcock  facilitated  the  measurement 
of  the  pressures  of  gases.  Aliquots  of  each  gas  at  different 
pressures  were  thus  taken  out  and  analysed. 

(B)  Materials 

All  the  chemicals  that  were  used  in  these  investiga¬ 
tions  except  ethanol  were  employed  without  further  purifica¬ 
tion.  The  percent  impurities  in  each  case  were  determined  by 
gas  chromatography.  Eastman  Kodak  spectrograde  chemicals 
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were  always  used  unless  otherwise  stated. 

(a)  Cyclohexane 

In  the  various  samples  of  cyclohexane  used,  the 
impurities  did  not  exceed  1  mole  percent.  The  spectrograde 
cyclohexane  was  purified  by  vacuum  distillation,  retaining 
the  middle  70  -  80  percent.  Two  sets  of  runs,  one  with  the 
purified  and  another  with  the  unpurified  cyclohexane,  did 
not  show  any  difference  in  the  gaseous  product  yields. 
Thereafter  the  cyclohexane  was  used  without  purification. 
The  sample  of  cyclohexane  used  in  the  inhibition  studies 
showed  a  maximum  impurity  of  about  0.2  mole  percent. 

(b)  Benzene 

The  benzene  contained  0.22  mole  percent  im- 

pur it ies. 

(c)  Cyclohexene 

Cyclohexene  from  Ivlatheson,  Coleman  and  Bell  had 
impurities  totalling  up  to  about  0.1  mole  percent. 

(d)  Propylene 

Propylene,  used  in  the  inhibition  studies,  was 
Phillips  Research  grade  containing  about  0.1  mole  percent 
impurit ies. 

(e)  Methyl  Cyclohexane 

Methyl  cyclohexane  had  impurities  up  to  0.6  mole 
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(f)  Ethanol 

The  ethanol  was  from  Reliance  Chemical  Ltd., 
containing  about  0.11  mole  percent  water.  Three  and  a  half 
grams  of  sodium  were  dissolved  in  500  cc  of  ethanol  and 
14  grams  of  diethyl  phthalate  was  added  to  this  solution 
(119).  This  solution  was  refluxed  for  two  hours  and  was 
distilled  in  a  system  protected  from  moist  air  by  passing 
dry  hydrogen  through  it.  After  the  purification,  the 
ethanol  contained  only  0.005  mole  percent  water. 

(g)  The  Alpha  source 

210 

Several  one-hundred  millicurie  Po  sources 
(half  life  of  Po210  =  138.4  days)  were  obtained  from 
Atomic  Energy  of  Canada  Limited.  Po  ^10  alpha  particles 
have  an  energy  of  5.309  ±  0.003  Mev  (120).  The  active  sur¬ 
face  of  this  source  was  protected  by  a  thin  mica  film  which 
reduced  the  average  energy  by  about  30  percent.  Each  source 
was  calibrated  with  the  Fricke  dosimeter  before  it  was 
installed  in  the  reaction  chamber. 

(C)  Techniques 

210 

(a)  Standardisation  of  the  Po  sources 

All  the  glass-ware  that  was  used  in  these  calibra¬ 
tions  was  thoroughly  cleaned  by  keeping  it  immersed  in  hot 
sulpho-nitric  acid  for  about  twenty  minutes,  washed  several 
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times  with  tap  water,  followed  by  washing  twice  with  doubly 
distilled  water  (distilled  over  alkaline  potassium  per¬ 
manganate  and  redistilled)  and  dried  in  an  oven.  Two  sets 
of  ferrous  ammonium  sulphate  solutions  were  prepared  in 
0.8  N  sulphuric  acid:  (l)  1  mM  sodium  chloride  and  1  mM 
ferrous  ammonium  sulphate  and  (2)  l  mM  sodium  chloride  and 
3  mM  ferrous  ammonium  sulphate.  Three  mis  of  each  of  these 
samples  were  pipetted  into  clean  5  ml  beakers  and  the  Po2-1-0 
source  was  positioned  about  2  -  3  mm  above  the  surface  of 
this  solution  by  a  screw  and  prong  arrangement.  The  solutions 
were  thus  irradiated  for  periods  of  5,  10,  15  and  20  minutes 
and  the  extent  of  oxidation  was  measured  with  a  Cary  spectro¬ 
photometer  (model  No.  14  M).  The  molar  extinction  coefficient 
used  in  these  calculations  is  2225  at  2s°C.  The  optical 
density  increase  per  minute  in  each  case  (both  in  1  mM  and 
3  mM  solutions)  was  in  excellent  agreement  with  each  other. 
Special  care  was  taken  to  exclude  impurities,  including  dust 
from  the  atmosphere,  which  produce  very  erratic  results.  Due 
precautions  were  taken  in  handling  this  radioactive  source. 
The  energy  output  of  the  source  was  computed  by  assuming 
G  (Pe+  +  f  )=  5.5. 

(b)  Preparing  the  samples  for  irradiation 

Two  mis  of  the  vacuum  distilled  cyclohexane  stored 
in  the  reservoir  were  distilled  into  the  calibrated  tube 
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The  cyclohexane  sample  was  degassed  in  the  calibrated  tube 
by  the  usual  thawing  -  freezing  -  pumping  technique.  This 
sample  was  volatilised  into  the  heated  reaction  chamber  by 
submerging  the  calibrated  tube  in  boiling  water.  When  all 
the  cyclohexane  was  volatilised  into  the  reaction  chamber, 
the  stopcock  1  was  closed  and  the  sample  was  irradiated. 

Alternatively,  the  sample  of  cyclohexane  was  intro¬ 
duced  into  the  reaction  chamber  by  a  pipetting  technique. 

Two  mis  of  cyclohexane  were  pipetted  into  the  small  reservoir 
near  stopcock  5.  This  sample  was  cooled  to  -196°C  and  de- 
gassed.  It  was  then  distilled  into  one  of  the  small  traps, 
cooled  in  liquid  nitrogen,  pumping  on  it  all  the  while. 

After  closing  stopcock  5,  the  sample  was  distilled  from  the 
trap  into  the  calibrated  tube  where  it  was  degassed  again. 

The  sample  was  then  volatilised  into  the  reaction  chamber 
as  before. 

The  product  yields  were  the  same  within  experi¬ 
mental  error  in  both  cases.  Hence  the  easier  pipetting 
method  was  always  employed  In  the  course  of  these  studies, 
except  fcr  some  of  the  ethanol  experiments.  The  dose 
function  studies  in  ethanol  irradiations  were  performed 
by  sampling  the  ethanol  by  the  first  method.  For  all  inhibi¬ 
tion  studies,  the  pipetting  technique  was  always  followed 
for  sampling. 
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(c)  Analytical  techniques 

The  gases  generated  during  the  irradiations  of 
hydrocarbons  were  hydrogen,  methane,  C2,  C3  and  C4  hydro¬ 
carbons.  Ethanol  irradiation  gave  rise  to  hydrogen,  methane, 
carbon  monoxide  and  C2  hydrocarbons. 

The  irradiated  sample  was  condensed  from  the  re¬ 
action  chamber  into  the  calibrated  tube,  cooled  to  -  196°C. 
The  non -condensable  gases  were  hydrogen,  carbon  monoxide 
and  methane.  These  gases  were  distilled  through  two  liquid 
nitrogen  traps  and  were  measured  as  a  total  in  the  Me  Leod 
gauge.  They  were  then  taken  out  in  the  gas  sampler  and 
analysed.  A  one-metre  charcoal  column,  with  helium  carrier 
flow  rate  ^  56  ml  per  minute  and  column  temperature  of 
about  120°C,  was  used  for  the  analysis.  Hydrogen,  carbon 
monoxide  and  methane  appeared  as  well  resolved  peaks.  These 
peaks  were  quantitatively  estimated  by  doing  standard 
calibration  experiments,  to  be  described  later.  All  the 
hydrogen,  carbon  monoxide  and  methane  were  taken  out  of  the 
liquid  condensate  by  melting  and  freezing  twice  during 
Me  Leod  -  Toepler  measurements. 

Another  fraction  of  gases,  non-condensable  at 
-112°C,  was  separated  from  the  irradiated  liquid  sample  by 
distilling  through  traps  cooled  by  an  ethyl  alcohol-liquid 
nitrogen  slush  bath.  This  fraction  essentially  consisted  of 
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ethane,  ethylene,  propane,  acetylene,  propylene,  some 
methane  and  C4  hydrocarbons.  This  -  112°C  fraction,  after 
being  measured  in  the  Me  Leod  -  Toepler  gauge,  was  collected 
in  the  gas  sampler  and  analysed  using  a  2.5  metre  silica  - 
gel  column.  The  carrier  gas,  helium,  had  an  initial  flow 
rate  of  115  ml  per  minute  and  the  temperature  of  the  column 
was  varied  from  room  temperature  to  a  maximum  of  250°C.  The 
quantitative  estimation  of  each  of  these  products  was  achieved 
by  doing  calibration  experiments. 

The  irradiated  sample  was  finally  removed  from  the 
manifold  by  distilling  it  into  the  small  test  tube  near  stop- 
cock  5.  The  chromatographic  columns  used  for  the  analyses  of 
various  liquid  products  together  with  the  conditions  employed 
for  the  analyses  are  summarised  in  Table  I. 

To  program  the  temperature  of  the  columns  during 
analysis,  the  Burrell  variac  was  set  in  all  cases  except 
apiezon  L  column  to  the  voltage  indicated  in  Table  I  as  soon 
as  the  air  peak  emerged.  The  1  metre  apiezon  column  was 
heated  by  setting  the  Burrell  variac  at  20  volts  as  soon  as 
the  sample  was  injected  (causing  a  variation  from  room  tem¬ 
perature  to  about  110°C)  and  altering  it  to  40  volts  after 
the  cyclohexane  peak  emerged  (110°C  to  about  240°C). 

Blank  chromatograms  of  un irradiated  compounds  were 
run  during  the  analyses  of  liquid  products  in  the  case  of 
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all  the  columns*  One  hundred  microlitre  liquid  samples  were 
injected  each  time* 

The  thermocouple  -  pyrometer  was  inaccurate  and 
so  was  calibrated.  With  the  aid  of  a  pyrometer  calibration 
curve,  the  correct  temperatures  of  these  columns  were 
determined  and  are  the  ones  given  in  Table  I. 

In  the  case  of  ethanol  irradiation,  formaldehyde 
was  estimated  by  chromotropic  acid  method  (121)  and 
acetaldehyde  was  determined  by  polarography  (122). 

(d)  Calibration  factors 

(1)  Hydrogen »  Methane  and  Carbon  monoxide 

The  calibration  manifold  and  the  bulbs  were  filled 
with  the  particular  gas*  Various  amounts  of  the  gas  were 
taken  from  the  bulbs  into  the  gas  sampler  (calibrated  volume 
=•  5.8  ml),  noting  the  pressure  of  the  gas  in  each  case  with 
the  aid  of  the  manometer.  Chromatograms  of  these  were  run 
on  the  1  m  charcoal  column,  using  the  conditions  as  previously 
stated.  Since  the  peaks  were  too  narrow  to  permit  precise 
area  measurements,  plots  were  made  with  peak  height  as  the 
ordinate  and  the  pressure  of  these  samples  as  the  abscissa. 
These  peak  height  -  pressure  plots  were  used  in  determining 
the  amounts  of  any  of  these  gases  in  any  individual  experi¬ 
ment  from  the  respective  chromatogram. 

(2)  Gases  volatile  at  -  112°C 


' :  ■ 


■  .  o  ■'  ■'  •  ;  -  .  •  -  >  .  v  ' 


•  ;  ■  1  < 


'  ' 

'  :  v  -  ■  r" r: , 

' 


. 

■ 


J.  •  :  ■  •  .  . 

- 

:  j*  ■  ■  •  •  -  ’• 

-  . 

.  :  •  ,  '  i  -  j ’ ;  . '  .  :  '  ■' 


* 


, 

'  r 

V  -  :>  r 

■ 

- 

.  !  •-  ■  :  •  ■ 

: 

- 

■  ;■ 

,  ;  :  •  •  •:  ‘  ::  >  v.V  i  r. 

- 


. 


-  59 


Each  of  these  products  was  standardised  by  the 
same  technique  as  above.  The  area  of  the  peak  per  mm  pressure 
of  gas  in  the  gas  sampler  was  computed  for  each  product. 

This  calibration  factor  appeared  to  be  independent  of  the 
pressure  for  each  of  the  gases.  The  calibration  factors 
were  expressed  in  sq.  mm  area  per  mm  of  gas  in  the  gas 
sampler  (5.8  ml)  at  room  temperature. 

(5)  Liquids 

Calibration  factors  for  various  liquid  product s, 
using  the  appropriate  column  and  conditions  described  in 
Table  I,  were  determined.  For  this  purpose ,  standard  solu~ 
tions  of  the  appropriate  compounds  in  cyclohexane  or  ethanol 
were  prepared  by  weighing.  These  solutions  were  analysed 
using  the  Kromo  -  Tog  and  the  ratio  of  the  peak  area  of  the 
compound  to  that  of  cyclohexane  or  ethanol  was  calculated. 

The  ratio  of  the  peak  areas  was  divided  by  the  mole  ratio 
to  determine  the  calibration  factors.  These  calibration 
factors  were  used  for  quantitative  estimation  of  the  liquid 
products  in  the  irradiated  sample. 
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Ill  RESULTS 


(A)  Calibrations 

(a)  The  -  196°C  fraction 

The  gases  that  were  not  condensable  at  -  196°C 
were  hydrogen,  methane  and  carbon  monoxide*  The  gas  chroma¬ 
tographic  calibrations  of  these  gases  were  performed  using 
aim  charcoal  column,  employing  the  conditions  described 
in  Chapter  II.  Table  II  (a)  gives  the  pressure  (P,  in  cms 
of  mercury)  versus  peak  height  (P.H. ,  in  cms)  data  for 
hydrogen  and  methane.  Since  the  ethanol  irradiations  were 
done  about  two  years  later  than  cyclohexane  irradiations, 
the  relative  sensitivities  of  hydrogen,  methane  and  carbon 
monoxide  were  determined  and  are  tabulated  in  Table  II  (b). 
The  new  hydrogen  and  methane  calibrations  had  changed  by 
a  factor  of  4.6  Hh  0.2.  Since  the  relative  sensitivities  of 
the  two  gases  remained  the  same,  either  set  of  curves  could 
be  used  to  calculate  the  relative  amounts  of  the  gases  in 
the  -  196 °C  fractions. 

The  old  calibrations  for  hydrogen  and  methane 
were  used  for  calculations  of  yields  in  irradiation  of 
hydrocarbons  and  the  new  calibration  factors  for  hydrogen, 
carbon  monoxide  and  methane  were  used  to  calculate  the 
yields  in  ethanol  radiolysis. 
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TABLE  II  (a) 

Pressure  -  Peak  Height  Data  for  Hydrogen  and  Methane 

Irradiations  of  hydrocarbons 


Hydrogen  Methane 


P  (cms) 

P.H.  (cms) 

P  (cms) 

P.H.  (cms) 

1. 

0.4 

0.35 

0.9 

9.7 

2. 

0.7 

0.50 

1.6 

18.1 

3. 

1.9 

1.15 

2.7 

31.0 

4. 

4.1 

1.75 

7.6 

81.5 

5. 

6.6 

0.20 

12.4 

120.8 

6. 

8.6 

0.50 

21.8 

184.0 

7. 

10.5 

1.80 

30.8 

232.0 

8. 

11.9 

2.65 

34.7 

244.0 

9. 

15.1 

5.00 

43.8 

290.0 

10* 

21.0 

12.20 

11. 

33.6 

28.60 

12. 

42.1 

40.50 

13. 

43.6 

49.75 

14. 

56.9 

61.50 

Pressure  -  Peak  Height  Data  for  Hydrogen ,  Carbon  monoxide  and  Methane 
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Figures  3  and  4  are  the  graphical  representations 
of  these  data. 

The  broken  curve  B,  in  the  positive  region  of 
Figure  3  was  obtained  by  multiplying  the  A  curve  in  the 
positive  region  by  the  ratio  of  B  to  A  (1  j  4,6)  in  the 
negative  region© 

(b)  The  -  112°C  fraction 

The  gases  that  were  volatile  at  -  Xl2°0  emerged 
on  a  silica-gel  column  in  the  following  order!  methane, 
ethane,  ethylene,  propane,  acetylene,  propylene,  butane  and 
butylene.  The  calibration  factors  for  each  of  these  gases 
were  calculated  and  are  tabulated  in  Table  III,  The  calibra¬ 
tion  factor  for  any  gas  is  defined  as  the  area  of  the 
chromatographic  peak  in  sq.  mm  per  mm  pressure  of  the  gas 
at  room  temperature  in  the  5,8  ml  of  the  gas  sampler. 

(c)  Liquid  products 

The  calibration  factors  for  the  various  products 
remaining  in  the  cyclohexane  liquid  after  distillation  into 
the  traps  at  -  112°C  were  determined  on  2.5  m  silica-gel 
and  1  m  apiezon  L  columns  under  the  conditions  stated  in 
Table  I.  These  factors  are  presented  in  Table  IV.  The 
calibration  factors  for  the  various  liquid  products  in 
ethanol  liquid  were  determined  on  2.5  m  carbowax  1500,  2.5  m 
di-decyl  phthalate  and  1  m  ucon  columns.  These  values  are 
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Figure  5 


Hydrogen  Calibration  Curve 


P.H*  Peak  height  in  eras. 

P.  Pressure  in  cms. 

A.  Old  calibrations. 

B,  New  calibrations. 
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Figure  4 

Methane  and  Carbon  monoxide  Calibrations 

P.H.  Peak  height  in  cms. 

P.  Pressure  in  cms. 

A.  Old  methane  calibrations. 

B.  New  methane  calibrations. 
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Carbon  monoxide  calibtations 
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TABLE  III 

Calibration  Factors  of  Gases  Non -condensable  at  -  112 °C 


Calibration  factor  is  the  area  of  the  peak 
( sq.  mm)  per  ram  pressure  of  gas  at  room  temperature 
in  5.8  ml  of  gas  sampler. 

Silica  -  gel  column 


Compound 

Calibration  factor 

1.  Methane 

15.4 

2.  Ethane 

25.2 

3.  Ethylene 

2303 

4.  Propane 

41.0 

5.  Acetylene 

21.5 

6.  Propylene 

o 

. 

CD 

to 

7.  Butane 

67.0 

8.  Butylene 

57.0 
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Calibration  Factors  for  the  Various  Hydrocarbons  Obtained  in  Cyclohexane  Radiolysis 
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given  in  Table  V.  The  calibration  factor  for  any  liquid 
product  is  the  ratio  obtained  by  dividing  the  area  ratio 
by  mole  ratio  in  a  standard  solution  of  the  product  in 
the  original  compound  (cyclohexane  or  ethanol), 

(B)  Irradiations 

(a)  Calibration  curves 

In  the  preliminary  experiments,  two  mis  of  cyclo¬ 
hexane  were  irradiated  for  various  lengths  of  time  and 
the  gaseous  products,  non-condensable  at  -  196°C,  were 
measured  in  the  Me  Leod  -  Toepler  gauge.  These  results 
indicated  that  the  Po^0  source  became  weak  in  long  irradia¬ 
tions  due  to  polymer  formation  on  the  source.  Consequently 
all  the  inhibition  experiments  of  cyclohexane,  methyl 
cyclohexane  and  ethanol  were  performed  for  two  hours  only. 

The  dose  function  experiments  with  pure  cyclo¬ 
hexane,  methyl  cyclohexane  and  ethanol  were  performed  for 
various  lengths  of  time.  In  order  to  determine  the  dose 
and  the  yields  in  these  experiments,  two  hour  cyclohexane 
runs  were  done  periodically.  Prom  these  cyclohexane  runs, 
a  calibration  curve  was  constructed.  One  such  calibration 
curve,  employed  in  the  cyclohexane  dose  function  and  inhibi¬ 
tion  runs,  is  shown  in  Figure  5.  Since  the  calibration  curve 
was  linear,  the  energy  output  of  the  source  for  any  given 
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TABLE  V 

Calibration  Factors  of  the  Various  Liquid  Products 

Obtained  in  Ethanol  Radiolysis 

Calibration  factor  is  obtained  by  dividing 
the  area  ratio  (from  the  chromatogram)  by  mole  ratio. 


Compound  Calibration  factor 


2.5  m  Carbo- 
wax  1500 
column 

2.5  m  Didecyl 

phthalate 

column 

1  m 

IJcon 

column 

1. 

Water 

0.6 

- 

2. 

Propanol 

- 

0.8 

- 

3. 

Butanol 

- 

1.1 

- 

4. 

1,2  Propane 

diol 

- 

1.2 

- 

5. 

2,3  Butane 

diol 

- 

1.2 

- 

6. 

1,4  Butane 

diol 

_ 

1.3 

- 

7 


Total  glycol 


1.0 


- 


-  .  ' 


, 


70 


Figure  5 
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Figure  5 


Calibration  Curves  used,  to  Estimate  the  Correct 

Dose  and  Yield 

Irradiation  temperature  »  108°C 
jo- s-  microns  of  gas  at  S.T.P. 

1,  Calibration  curve  for  cyclohexane  dose  function 
runs 

cyclohexane  2  hour  runs 

2*  Calibration  curve  for  cyclohexane  inhibition 
runs 

cyclohexane  2  hour  runs 
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experiment  was  taken  from  the  curve  at  the  time  corre¬ 
sponding  to  the  mid  point  of  the  run.  Such  a  calibration 
curve  included  the  radioactive  decay  correction  for  the 
Po210. 

(b)  Blank  runs 

Blank  runs  were  done  in  order  to  estimate  the 
amount  of  air  left  dissolved  in  the  liquids  after  degassing 
procedures  had  been  followed. 

Blank  runs  of  cyclohexane,  methyl  cyclohexane, 
ethanol,  benzene,  cyclohexene  and  propylene  were  performed 
by  volatilising  them  into  the  chamber,  closing  stopcock  1, 
pumping  the  residual  vapours  from  the  calibrated  tube,  then 
opening  stopcock  1  and  condensing  the  material  into  the 
calibrated  tube.  This  was  done  as  rapidly  as  possible  to 
minimise  the  radiolysis  of  the  substance  and  required  about 
one  minute.  The  substance  was  then  analysed  by  the  procedure 
used  for  the  regular  samples.  The  amounts  of  gases  volatile 
at  -  196°C  were  6+2  percent  of  the  amounts  obtained  from 
the  respective  compound  in  a  two  hour  run.  The  only  exception 
was  ethanol,  in  which  the  blank  was  only  2  percent  of  the 
corresponding  tv/o  hour  run.  The  percent  values  obtained  for 
the  -  112°C  distillation  were?  cyclohexene  0,  benzene  4, 
ethanol  5,  methyl  cyclohexane  7,  and  cyclohexane  12.  No  -112°C 
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blanks  could  be  obtained  for  propylene  because  it  was 
volatile  at  this  temperature. 

The  blank  run  values  were  substracted  from  the 
yields  in  every  dose  function  experiment  and  the  net  yields 
were  used  to  calculate  the  G  values.  However,  blank  run 
values  were  not  substracted  in  any  inhibition  experiments. 
This  was  due  to  the  fact  that  the  blanks  were  nearly  con¬ 
stant  at  about  6  percent  of  the  two  hour  yield.  Hence  the 
overall  kinetics  will  not  be  much  affected. 

(c)  Cyclohexane  radiolysis 

(l)  Radiolysis  of  cyclohexane  as  a  function  of 

volume 

In  an  attempt  to  determine  the  pressure  of  cyclo¬ 
hexane  which  would  absorb  all  the  energy  of  the  alpha 
particles  emitted  by  the  source,  different  amounts  of  cyclo¬ 
hexane  were  irradiated  for  a  period  of  four  hours  each.  The 
total  yields  of  gas,  non-condensable  at  -  196°C,  were  meas¬ 
ured  and  are  presented  in  Table  VI  and  Figure  6.  The  pressure 
of  cyclohexane  vapour  is  also  given  at  the  temperature  of 
the  reaction  chamber,  about  108°C. 

From  Figure  6,  it  is  evident  that  the  yield  of  gas 
increases  with  increasing  amount  of  cyclohexane  and  reaches 
a  constant  value  at  about  two  mis  of  cyclohexane.  Thus  it 
may  be  assumed  that  all  the  energy  was  absorbed  from  the 
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TABLE  VI 

Yield  of  Gas  Volatile  at  -  196°C  as  a  Function  of  Volume 

of  Liquid  Cyclohexane  Vapourised  into  the  Reaction  Chamber 


Irradiation  temperature  - 

108  °C 

p  = 

Pressure  of  cyclohexane 

vapour  in  mms,  at  108 °G 

fx  = 

Microns  of  gas  volatile 

at  - 

1S6°C  measured  in 

the  546  ml  volume  of  the  Me  Leod  -  Toe pier  gauge, 

corrected  to  0°C 

Vol.  of  cyclohexane 

(mis  of  liquid) 

P 

196  °C ) 

1. 

0.0 

0.0 

0.0  (blank  expt ) 

2. 

0.1 

21.5 

9.1 

5* 

0.2 

43.1 

12 . 2 

4. 

0.4 

76.3 

18.1 

5. 

0.9 

192.4 

17.2 

6. 

1.5 

318.4 

19.3 

7. 

2.0 

433  e0 

22.4 

8. 

2.8 

599.7 

21.8 

9. 

3.6 

764.7 

22.1 
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Figure  6 


Figure  6 


Yield  of  Gas  Volatile  at  -196 °C  as  a  Function  of 
the  Volume  of  Cyclohexane  Liquid  Vapourised 


Microns  of 
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alpha  particles  when  two  or  more  mis  of  cyclohexane  are 
vapourised  into  the  reaction  vessel.  The  size  of  the 
sample  of  cyclohexane  employed  in  all  subsequent  experi¬ 
ments  was  two  mis. 

(2)  Radiolysis  of  cyclohexane  as  a  function  of 

dose 

Cyclohexane  vapour  was  irradiated  to  various 
doses  over  the  range  0.79  x  10"L9  ev  to  15.9  x  10^®  ev. 

The  yields  of  the  gases  volatile  at  -196°C  and  -112°C  are 
presented  in  Table  VII  and  Figure  7.  The  average  G  values 
for  gases  volatile  at  -196°C  and  -112°C  are  approximately 
8.1  ±  0.3  and  4.9  ±  0.5  respectively.  It  is  clear  from 
Figure  7  that  the  G(gas)  volatile  at  °“X96°C  is  fairly  con™ 
stant  while  the  G(gas)  volatile  at  -112°C  decreases  stead¬ 
ily.  The  amount  of  methane  was  so  small  that  it  could  only 
be  detected  and  measured  at  the  highest  dose  by  the  present 
analytical  system.  Thus  the  -196°C  fraction  was  essentially 
hydrogen. 

The  yields  of  other  products  in  the  dose  function 
studies  are  presented  In  Table  VIII  and  Figure  8.  The  yields 
of  ethane,  ethylene,  acetylene,  propylene,  cyclohexene,  di¬ 
cyclohexyl  and  the  total  C12  hydrocarbons  appear  to  be  con¬ 
stant.  The  butane  peak  appeared  as  a  shoulder  on  the  tail 
of  the  propylene  peak  in  the  chromatograms  and  was  about 
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TABLE  VII 

Yields  of  the  Gases  Volatile  at  -196°C  and  -112°C  as  a 

Function  of  Dose  in  the  Radiolysis  of  Cyclohexane 

Irradiation  temperature  =  108 °C 


yU.  =  microns  of  gas, volatile  at  -196°C  or  -112 °0,  measured 
in  the  546  ml  volume  of  the  Me  Leod  -  Toepler  gauge,  Blank 
value  subtracted  and  then  corrected  to  0°C 

-196°C  fraction  =  5,4  microns 


Blank  values 


-112 °C 


fract ion 


-  9,4  microns 


Dose(  ev)xl0“-*-9 

-196 °C 

fraction 

-112°C 

fract  i< 

AJl 

G 

LL 

G 

1. 

0.79 

33.5 

7.9 

/ 

22.9 

5.6 

2. 

1.35 

56.0 

8.0 

43.0 

5.4 

5, 

1.58 

68.4 

8.5 

36.4 

4.5 

4. 

2.70 

108.0 

7.8 

75.0 

5.0 

5. 

2*90 

128.5 

8.5 

64.3 

4.0 

6. 

3.95 

163.3 

8.4 

98.9 

4.1 

7. 

4.95 

204.0 

7.3 

136.0 

4.7 

8. 

6.10 

417.0 

7.5 

266.0 

4.5 

9. 

15.90 

860.0 

7.7 

436.0 

3.8 

9 
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Figure  7 


Figure  7 


G(-19S°C)  and  G(“XX2°C)  as  a  Function  of  Dos© 
(Cyclohexane  Radiolysis) 

G(-196°C)  =  G(gas)  volatile  at  -19S°C 
G(-112°C)  -  G(gas)  volatile  at  -112 °C 
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Figure  8 
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Figure  8 


Product  Yields  as  a  Function  of  Dose 


ethane 

acetylene 

ethylene 

propane 

C4  olefin  (probably  C^H^) 
propylene 

cyclohexene 

dicyclohexyl 

total  C12  hydrocarbons 
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5  percent  of  the  propylene  peak.  The  propane  yield  seems 
to  decrease  with  dose  while  the  C4  hydrocarbon  yield  appears 
to  increase* 

The  yields  of  other  products  obtained  in  the 
highest  dose  experiment  are  G(CH4)  =.  0*13,  G(Cg  hydrocarbon) 

-  0*06,  G(Cg  hydrocarbon)  -  0*07  and  G(C^0  ky3rocart,0:n)  -  0,17. 
No  detectable  amount  of  methane  was  found  in  gases  volatile  at 
-112 °C. 

(3)  Inhibition  Studies 

Binary  solutions  of  cyclohexane  with  the  various 
inhibitors,  benzene,  cyclohexene  and  propylene,  were  irradi¬ 
ated  for  two  hours.  The  gaseous  products  volatile  at  -19S°C 
and  -112 °C  were  measured  by  the  Me  Leod  -  Toepler  gauge.  The 
results  are  given  in  Tables  IX  -  XI.  The  G(gas)  non -condensable 
at  -ll2°c  are  not  very  reliable  and  more  work  has  to  be  done 
before  any  conclusions  can  be  drawn  concerning  them.  Since 
these  solutions  were  irradiated  for  two  hours  only,  sufficient 
liquid  products  did  not  form  to  permit  their  analysis  with  the 
present  analytical  system. 

In  the  cyclohexane  systems,  the  hydrogen  yields, 

G(Hg),  are  plotted  as  a  function  of  the  electron  fraction  of 
the  inhibitor,  •  This  was  adopted  assuming  that  G(gas) 

volatile  at  -196°C  is  equal  to  G(Hg)  since  the  methane  yield 
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TABLE  XI 

Gaseous  Yields  from  the  Irradiation  of  Cyclohexane  - 

Propylene  Mixtures 

Irradiation  temperature  =.  108 °C 

ylx  =  microns  of  gas,  volatile  at  -196°C,  measured  in  the 
546  ml  volume  of  the  Me  Leod  -  Toepler  gauge,  corrected 
to  0°C 


G( 

-196 °C)  = 

G  of  gas  volatile 

at  -196 °C 

€ 

~  Electron 

fraction  (no.  of 

moles  of  electron)  of  the 

propylene  in 

the  mixture 

Pressure  (mm) 

(propylene) 

£  (propylene) 

/i(“196°C) 

G( -196 °C ) 

>  9 

0.0 

0.0000 

113.0 

8.1 

1.5 

0.0017 

95.9 

6.9 

>* 

11.4 

0.0136 

79.5 

5.7 

:• 

24.7 

0.0292 

67.0 

4.8 

>• 

49.3 

0.0592 

60.3 

4.3 

i. 

97.0 

0.2169 

58.7 

4.2 

t 

204.0 

1.0000 

32.3 

2.34 

7 


. 


r 


r 


*  *  . 


>r 


-  84 


was  very  small  in  comparison  with  the  hydrogen  yield.  The 
electron  fraction,  b]  ,  is  defined  by 


1  E.V,  H-  E  V 
1  2.  c  c 

where  E.  and  E  are  the  electron  densities  (number  of  moles 

1  O 

of  electrons  per  ml)  of  the  inhibitor  and  of  cyclohexane 
respectively,  and  and  VQ  are  their  respective  volumes. 
Table  XII  gives  the  electron  densities  of  the  materials 
employed  in  these  studies.  For  convenience,  the  electron 
densities  of  methyl  cyclohexane  and  ethanol  are  also  in- 
eluded.  The  density  values  in  Table  XII  were  adopted  from 
the  book  edited  by  Rossini  et  a!  (123). 

Figure  9  contains  the  plots  of  G(B^)  observed 
against  the  electron  fraction  of  the  inhibitor  in  the 
cyclohexane  -  propylene,  cyclohexane  -  cyclohexene  and 
cyclohexane  -  benzene  systems.  It  can  be  readily  seen  that 
the  hydrogen  yield  decreases  with  increase  in  the  concentra' 
tion  of  inhibitor.  Figure  9  also  makes  it  evident  that  both 
propylene  and  cyclohexene  reduce  the  yield  to  a  greater 
extent  than  benzene  in  the  low  concentration  region.  The 
broken  lines  in  this  figure  indicate  the  G(H2)  that  might 
have  been  expected  if  there  had  been  no  interaction  between 
the  components  of  the  gas  mixtures  and  if  the  energy 
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TABLE  XII 

Electron  Density  Values  for  the  Compounds  used  in  the 

present  work 


Compound  Mol.Wto 

1*  Cyclohexane  84*16 

2.  Cyclohexene  82.14 

3.  Benzene  78.11 

4*  Methyl  98.18 

Cyclohexane 

46.07 


Density  at  2s°C 

( g/ml ) 

0.774 

0.806 

0.874 

0.765 

0.789 


E(e"  moles/ml) 


0.441 


0.451 


0.470 


0.436 


5.  Ethanol 


0.445 


. 
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. 
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Figure 


Figure  9 


Hydrogen  Yield  as  a  Function  of  Protector  Concentration 


A 

B 

C 


electron  fraction  of  protector,  P 
P  -  propylene 
P  =.  cyclohexene 
P  =  benzene 
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absorption  by  a  component  were  proportional  to  the  electron 
fraction  of  the  component.  Thus 

G(%)expected  =  G<H2>°C  &o  +  GOfe)**! 

where  and  GtHg)0^  are  the  hydrogen  yields  for  pure 

cyclohexane  and  for  pure  inhibitor  respectively  and  £_  and 
-  are  the  electron  fractions  of  the  respective  components. 
(d)  Benzene,  cyclohexene  and  propylene  radiolyses 

The  radiolyses  of  benzene,  cyclohexene  and  propylene 
were  briefly  studied  as  a  side  issue,  since  these  were  the 
end  points  in  the  inhibition  runs  of  cyclohexane,  methyl 
cyclohexane  and  ethanol  systems. 

The  G  values  of  gases  volatile  at  ~196°G  from  the 
radiolyses  of  benzene,  cyclohexene  and  propylene  in  the  two 
hour  runs  are  listed  along  with  the  corresponding  doses  in 
Table  XIII. 

Since  no  liquid  products  could  be  detected  at  the 
lower  doses,  these  compounds  were  irradiated  with  higher 
doso3  and  the  distributions  of  products  thereby  obtained  are 
presented  in  Table  XIV.  The  G  values  of  the  products  listed 
in  Table  XIV  are  calculated  on  the  basis  of  G  values  obtained 
for  gases  volatile  at  -196°C  in  the  two  hour  run  of  the 
corresponding  compound.  The  methane  yields  from  benzene  and 
cyclohexene  are  combined  yields  of  methane  obtained  in  gases 
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TABLE  XIII 


G  Values  of  Gaseous  Products  Obtained  In  the  Radiolyses 

of  Benzene  and  Cyclohexene  Vapours  and  of  Propylene 

Irradiation  temperature  =  108 °C 
G( -196 °C )  =.  G  of  gas  volatile  at  »196°C 


Substance 

Dose  (ev)xlO~J'® 

G( -196°C ) 

1.  Benzene 

1.10 

1*51 

2©  Cyclohexene 

0*78 

3.38 

3.  Propylene 

0.63 

2.34 

..  :j j.. :  - .  .  •.  .  2 

■  ■  .  '  • ; 
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TABLE  XIV 


G  Values  of 

Products  from  the  Vapour  Phase 

Radiolyses 

of  Benzene, 

Cyclohexene 

and  Propylene 

Irradiation 

0 

temperature  -  108  C 

Substance 

Benzene 

Cyclohexene 

Propylen 

Dose(ev)xlO* 

“2°  1.7 

3.0 

1.8 

Product  s: 

H2 

1.38 

3.10 

2.21 

ch4 

0.13 

0.28 

0.13 

C2H6 

0.08 

0,05 

- 

C2H4 

0.07 

1.55 

- 

C2h2 

1.15 

0.62 

Trace 

03% 

- 

0.07 

- 

G3Hs 

- 

0.14 

- 

C4  olefin 

- 

0.16 

- 

02 

W-1 

dP 

1 

0 

- 

1.35 

- 

°6»% 

- 

0.12 

- 

Total  C 

0.31 

2.65 

- 

hydrocarbons 
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volatile  at  -196 °C  and  -  112°C.  The  yields  of  methane  from 
gases  volatile  at  -196°C  in  irradiations  of  benzene  and 
cyclohexene  were  respectively  about  82  percent  and  85  per¬ 
cent  of  the  total  methane  yields.  The  total  hydro¬ 
carbons  in  both  benzene  and  cyclohexene  radiolyses  were 
obtained  by  using  a  one  metre  apiezon  L  chromatography 
column.  In  cyclohexene  radiolysis,  silica-gel  column  analysis 
showed  the  formation  of  dicyclohexyl  (G  =  0,16),  cyclohexyl- 
cyclohexene  (G  r  0,85)  and  dicyclohexyl  (G  ^  1,46),  The  sum 
of  the  yields  of  the  hydrocarbons  on  silica-gel  column 
(G  =  2,47)  is  in  fair  agreement  with  the  total  hydro¬ 
carbon  yield  (G  =  2,65)  obtained  on  1  metre  apiezon  L  column, 
(e)  Methyl  Cyclohexane  radiolysis 

(l)  Radiolysis  of  methyl  cyclohexane  as  a  function 


of  dose 

210 

The  decomposition  of  methyl  cyclohexane  by  Po 
alpha  particles  was  investigated  over  the  dose  range  from 
0,31  x  10-^ev  to  17,9  x  lO^ev,  The  yields  of  the  gases 
volatile  at  -  196°C  and  -  112°C  are  presented  in  Table  XV 
and  Figure  10, 

It  can  be  seen  from  Figure  10  that  G(gas)  volatile 
at  -196°C  is  fairly  constant  while  G(gas)  volatile  at  -112°C 
decreases  and  then  levels  off  as  the  dose  increases.  The 
average  G  value  of  gases  volatile  at  -196°C  is  about  6.1  -+  0.2, 
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TABLE  XV 


Yields  of  Gases  Volatile  at  -196 °C  and  -112°C  as  a  Function 

of  Dose  in  the  Radiolysis  of  Methyl  Cyclohexane 


Irradiation  temperature  =  108°C 

/K~  microns  of  gas  volatile  at  -196°C  or  -112 °C,  measured  in 
the  546  ml  volume  of  the  Me  Leod  -  Toepler  gauge,  blank 
value  subtracted  and  then  corrected  to  0°C 

-196 °C  fraction  =  4.5  microns 
-112°C  fraction  =  9.4  microns 


Blank  values 


Dose  (evJxlO3-9  JX 

1.  0.51 

2,  0.60 

3  .  0 . 88 

4.  1.20 

5.  1.75 

17.90 


-196 °C) 

G(-196°C) 

41.3 

5.92 

88.3 

6.33 

112.9 

5.40 

169.4 

6.07 

251.5 

6.01 

62,70.  3 

6.39 

-112 °CJ 

G( -1120C) 

27.9 

4.0 

41.7 

3.0 

49.3 

1.9 

45.7 

1.6 

53.9 

1.3 

879.3 

0.9 

6. 


- 


C  ,  -  ' 


rxoiti 


■* 
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Figure  10 


Figure  10 


G(-196°C)  and  G(-ll2°C)  as  a  Function  of  Dose 

(Methyl  cyclohexane  radiolysis) 

G( ~196 °C )  =  G(gas)  volatile  at  -196 °C 
G(-112°C)  =  G(gas)  volatile  at  -112°C 
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The  amount  of  methane  could  only  be  detected  and  measured 
at  the  three  highest  doses*  The  combined  yields  of  methane 
from  gases  volatile  at  -196°C  and  -112°C  at  these  doses 
were  0.41,  0*3  and  0.31  respectively.  Of  these  methane 
yields,  the  amounts  that  were  obtained  from  gases  volatile 
at  -1S6°C  were  correspondingly  59  percent,  67  percent  and 
35  percent  of  the  total  methane  yield* 

The  individual  product  yields  of  the  gases  volatile 
at  -il2°C  are  not  given,  though  ethane,  ethylene,  propane, 
acetylene  and  propylene  were  detected.  These  product  yields 
are  not  very  reliable.  No  liquid  products  could  be  detected 
even  in  the  highest  dose  experiments. 

(2)  Inhibition  studies  of  the  methyl  cyclohexane 

systems 

Binary  solutions  of  methyl  cyclohexane  with  the 
inhibitors  benzene  and  cyclohexene  were  radiolysed  for  two 
hours.  The  gaseous  products  non-condensable  at  -196 °C  and 
-112 °C  were  measured  by  the  Me  Leod  -  Toepler  gauge.  The 
results  are  given  in  Tables  XVI  and  XVII.  The  G(gas)  volatile 
at  -ll2°C  are  scattered  and  do  not  appear  to  show  any  trend. 

The  method  of  analysis  of  this  fraction  requires  more  work 
before  it  can  be  of  any  use. 

Figure  11  is  a  plot  of  G(-196°C)  against  the  electron 
fraction,  £i  ,  of  the  inhibitor.  G(-196°C)  was  used  as  the 
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Gaseous  Yields  from  the  Irradiation  of  Methyl  Cyclohexane  -  Benzene  Systems 
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Figure  11 


L  - 


Figure  11 


G(-196°C)  as  a  Function  of  Protector  Concentration 

£p  -  electron  fraction  of  protector,  P 

A:  P  =  cyclohexene 

B:  P  -  benzene 

G(»196°C)  =  G(gas)  volatile  at  -196°C 
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ordinate  instead  of  G(H2),  because  methane  was  an 
appreciable  proportion  of  the  hydrogen  yield.  €;  is 
defined  in  the  same  manner  as  previously.  The  yield  of 
the  gases  volatile  at  -196°C  decreases  with  increase  in 
the  concentration  of  the  inhibitor  in  both  cases.  The 
broken  lines  indicate  the  hydrogen  yield  that  might  have 
been  expected  if  there  had  been  no  interaction  between 
the  components  and  if  the  energy  absorption  were  directly 
proportional  to  the  electron  fraction  of  the  component. 

Thus 

G(-lS6°C)expected  =  G(-lg6oC)omCmtG!.1960C)01  ± 

where  G(-196°C)°m  and  G(-196°G)0^  are  yields  of  gases 

volatile  at  -196°C  for  pure  methyl  cyclohexane  and  for 

pure  inhibitor  respectively  and  £  and  £ .  are  the  corre- 

m  i 

sponding  electron  fractions. 

Although  the  points  do  not  fall  on  a  smooth 
curve  in  Figure  11,  yet  it  can  be  noticed  that  there  is  a 
decrease  in  the  yield  of  the  gases  volatile  at  -196°C  with 
increasing  concentration  of  the  protector.  The  cyclohexene 
appears  to  reduce  the  yield  to  a  greater  extent  than  benzene 
in  the  low  concentration  region. 


(f)  Ethanol  radiolysis 

(l)  Radiolvsis  of  ethanol  as  a  function  of  dose 
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Pure  ethanol  (containing  about  0.005  mole 
percent  water)  was  subjected  to  alpha  radiation  and  the 
gaseous  product  yield  distribution  was  studied  as  a  function 
of  dose,  the  dose  range  employed  being  0.496  x  10^9  ev  to 
3.77  x  lO^9  ev.  The  yields  of  gases  volatile  at  -196°C  and 

-ll2°C  are  given  in  Table  XVIII  and  Figure  12.  The  G  values 
of  gases,  non-condensable  at  -196°C  appear  to  be  constant 
over  this  dose  range  while  the  G  values  of  gases,  volatile 
at  -ll2°0  decrease  with  increasing  dose.  The  average  G 
value  of  gases  volatile  at  -196°C  is  approximately  10.7+0.4. 

The  products  that  constituted  the  fractions 
volatile  at  -196 °C  and  -112°C  were  all  measured  and  their 
G  values  are  presented  as  a  function  of  dose  in  Table  XIX 
and  Figure  13.  The  yields  of  methane  are  the  combined  yields 
obtained  from  the  two  gas  fractions,  volatile  at  -196°C  and 
-112 °C.  The  portion  of  the  total  methane,  derived  from  the 
-196 °C  fraction,  increased  from  21  percent  at  the  lowest 
dose  to  58  percent  at  the  highest  dose.  However, the  methane 
yield  obtained  from  gases  volatile  at  -196°C  remained  approx¬ 
imately  constant,  with  a  G  of  1.1+  0.1  except  for  the  lowest 
dose  experiment . 

It  can  be  seen  in  Figure  13  that  methane,  carbon 
monoxide  and  ethylene  decrease  more  rapidly  with  increasing 


dose  than  do  others 
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TABLE  XVIII 

Yields  of  Gases  Volatile  at  -196°C  and  -ll2°C  as  a  Function 

of  Dose  in  the  Radiolysia  of  Ethanol 

Irradiation  temperature  =.  108°C 


it  -  microns  of  gas,  volatile  at  “196°C  or  -112°C,  measured 
in  the  546  ml  volume  of  the  Me  Leod  -  Toe pier  gauge,  blank 


value  subtracted  and  then  corrected  to  0  C 

(  -xyb 0 

Blank  values 


-196  C  fraction  »  2.8  microns 
-ll2°C  fraction  ~  1.7  microns 


Dose 


1. 

2# 

3. 

4. 


(ev)xlO  19 

u(-196°C) 

G(-196°C) 

m(-112°C) 

GC-l^1 

0.496 

31.8 

10.6 

10.7 

3.6 

0.979 

62.7 

10.5 

24.4 

4.0 

2.162 

124.7 

10.4 

31.2 

2.6 

3.162 

195.9 

10.8 

35.8 

2.0 

3.765 

270.1 

11.2 

40.0 

1.7 

5. 


, 


r\ 


Figure  12 


Figure  12 


G(-196°C)  and  G(-ll2°C)  as  a  Function  of  Dose 

(Ethanol  radiolysis) 

G(-196°C)  =  G(gas)  volatile  at  -196°C 
G(-112°C)  -  G(gas)  volatile  at  -112°C 


DOSE  (I0l9ev) 
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TABLE  XIX 


G  Values  of  Gases  Volatile  at  -196°C  and  -ll2°C  as  a 

Function  of  Dose 

Ethanol  irradiations 
Irradiation  temperature  -  108 °C 


*  -19 

Dose  (ev)xlO  Hg 

1.  0.496  9.2 

2.  0.979  8.2 

3o  2.162  8.6 

4.  3.162  9.0 

3.765  9.5 


CO 

CH4 

c2h6 

c2h4 

0.90 

2.4 

0.24 

1.43 

0.99 

3.53 

0.30 

1.40 

0.84 

2.09 

0.12 

1.35 

0.75 

2.00 

0.11 

0.98 

0.65 

1.70 

0.17 

0.82 

5. 


I 


- 


Figure  13 


Figure  15 


G  Values  of  Products  Volatile  at  -196 °C  and  -112 °C 

in  the  Dose  Function  Experiments  of  Ethanol 
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Since  no  measurable  amounts  of  liquid  products 

were  obtained  in  these  dose  function  experiments,  an  appre- 

2q 

ciably  higher  dose,  12.7  x  10  ev,  was  given  to  an  ethanol 
sample  and  the  liquid  products  were  measured.  These  are 
given  in  Table  XX  along  with  the  gaseous  products  obtained 
at  the  same  dose. 

The  yield  of  water  seems  to  be  abnormally  high. 
There  is  fair  agreement  between  the  total  glycols  (ucon 
column)  and  the  sum  of  the  vicinal  glycols  (carbowax  column). 

(2)  Inhibition  studies  of  the  ethanol  systems 

Binary  vapour  solutions  of  ethanol  with  benzene 

oi  o 

or  cyclohexene  were  irradiated  by  Po  alpha  particles  for 
two  hours  each.  The  gaseous  products  volatile  at  -196 °C  and 
-112 °G  were  measured.  The  results  are  summarised  in  Tables 
XXI  and  XXII.  Since  the  results  of  the  yields  of  gases 
volatile  at  -112 °C  were  very  irregular,  they  have  been 
omitted. 

In  Tables  XXI  and  XXII,  the  yield  from  pure 
ethanol  is  slightly  higher  than  in  the  dose  function  ex¬ 
periments.  Since  these  were  a  series  of  experiments,  all  the 
other  values  would  be  relative.  Hence  the  experimentally 
obtained  G  value  for  gases  volatile  at  -196°C  in  this  series 
for  pure  ethanol  was  used  for  the  kinetic  analysis. 

Figure  14  is  a  plot  of  the  G  of  gases  volatile 
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TABLE  XX 

G  Values  of  the  Various  Products  Obtained  by  Irradiating 

Ethanol 

Irradiation  temperature  = 108°C 

Of) 

Dose  (ev)  x  10  r:  12.7 


Product 

G 

1. 

Hydrogen 

7.6 

2. 

Carhon  monoxide 

1.1 

3. 

Methane 

1.66 

4. 

Ethane 

0.23 

5. 

Ethylene 

0.72 

6© 

Acetylene 

0.03 

7© 

Cg  and  hydrocarbons 

Trac  e 

8© 

Water 

5.4 

9© 

Formaldehyde 

0.9 

10© 

Acetaldehyde 

4.5 

11. 

Propanol 

0.6 

12. 

Butanol 

0.19 

13. 

1,2  Propane  diol 

0.15 

14. 

2,3  Butane  diol 

1.2 

15. 

Total  glycols(ucon  column) 

1.6 

• 

■ 

* 

, 


- 

* 

. 

« 

* 
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TAB  IE  XXI 


Gaseous  Yields  from  the  Irradiation  of  the  Ethanol  - 

Benzene  Systems 

o 

Irradiation  temper  at ure  -  108  C 

-microns  of  gas,  volatile  at  -19S°C,  measured  in  the 
546  ml  volume  of  the  Me  Leod  -  Toepler  gauge,  corrected 
to  0°C 

G(-19S°C)  -  G(gas)  volatile  at  -196°C 
4  =  Electron  fraction  (no.  of  moles  of  electron)  of 
benzene  in  the  mixture 


Percent  composition 

(Volume  percent) 

t (benzene) 

JUL(  -196  °C) 

G(-19S' 

1. 

0.0 

0.0000 

133.4 

11.2 

2c 

2.0 

0.0211 

129.8 

10.9 

3. 

4.0 

0.0415 

125.9 

10.6 

4c 

o 

c 

00 

0.0842 

99.6 

8.4 

5o 

20.0 

0.1961 

72.1 

6.1 

6c 

50.0 

0.5139 

33.3 

2.8 

7c 

100.0 

1.0000 

20.5 

1.5 

- 


« 


* 


. 


« 


-I 


.  .  ■  .  ; 


106 


TABLE  XXIX 

Gaseous  Yields  from  the  Irradiation  of  Ethanol  - 

Cyclohexene  Systems 

Irradiation  temperature  —  108 °G 
fji  -  microns  of  gas  volatile  at  -196°G,  measured  in  the 
546  ml  volume  of  the  Me  Leod  -  Toepler  gauge,  corrected 
to  0°G 

G( -196 °C )  -  G(gas)  volatile  at  -19S°G 
£  =  Electron  fraction  (no,  of  moles  of  electron)  of 
cyclohexene  in  the  mixture 


Percent  composition 

c (cyclohexene) 

M-19S°C) 

G(-195°i 

1. 

(Volume  percent) 

0,0 

0.0000 

133.4 

11.20 

2. 

1.0 

0.0101 

98.3 

8.44 

3. 

CO 

. 

o 

0.0202 

82.2 

7.11 

4* 

4.0 

0.0406 

69.4 

5.97 

5* 

8.0 

0.0810 

55.5 

4.80 

6. 

20.0 

0.1897 

44.9 

3.90 

V. 

50.0 

0.5034 

38.9 

3.40 

8* 

100.0 

loOQOO 

39.8 

3.38 

Figure  14 


Figure  14 


<j(-196°C)  as  a  function  of  Protector  Concentration 

G(»196°C)  -  G(gas)  volatile  at  »19S°C 

£  -  electron  fraction  of  protector 

A:  P  -  benzene 

B:  P  -  cyclohexene 
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at  -196 °C  against  the  electron  fraction,  of  the 

inhibitor.  The  yield  of  the  gases,  non-condensable  at 
-19S°C  decreases  with  increasing  inhibitor  concentration 
in  both  the  systems.  The  broken  lines  indicate  the  hydro¬ 
gen  yield  that  might  have  been  expected  if  there  had  been 
no  interaction  between  the  components  and  if  the  energy 
absorption  were  directly  proportional  to  the  electron 
fraction  of  the  component.  Thus 

G(-196°C)expected  =  G(-19S°C)°e  -k  +G(-196°C)°1  t 

where  G(-196°C)°-g  and  G{-196°C)°^  are  the  yields  of  gases 
volatile  at  -196°C  for  pure  ethanol  and  for  pure  inhibitor 
respectively  and  "  E  and  are  the  respective  electron 
fractions. 

It  is  clear  from  Figure  14  that  cyclohexene 
reduces  the  yield  of  the  (-1960G)  fraction  more  rapidly 
than  does  benzene. 
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IV  DISCUSSION 

This  chapter  is  divided  into  four  main  sections. 

The  first  deals  with  the  radiolytic  decomposition  of  cyclo¬ 
hexane  and  its  binary  solutions  with  benzene,  cyclohexene 
and  propylene.  Since,  benzene,  cyclohexene  and  propylene 
were  the  end  points  in  the  radiolysis  curves  for  the  binary 
solutions,  their  radiolytic  decomposition  was  briefly  studied 
as  a  side  issue  and  the  second  section  pertains  to  their 
decomposition.  The  third  section  deals  with  the  irradia¬ 
tion  of  methyl  cyclohexane  and  its  binary  solutions.  The 
last  section  is  concerned  with  the  decomposition  of  pure 
ethanol  and  its  binary  solutions  with  benzene  and  cyclo¬ 
hexene. 

(A)  Cyclohexane  and  its  Binary  Solutions 

(a)  Pure  cyclohexane 

The  range  of  an  alpha  particle  in  a  medium  is 
roughly  inversely  proportional  to  the  density  of  the  medium. 
It  was  necessary  to  determine  the  minimum  amount  of  cyclo¬ 
hexane  vapour  in  the  reaction  vessel  that  would  absorb  all 
the  energy  of  the  alpha  particles  from  the  Po  x  source. 
Figure  6  shows  the  results  of  this  investigation.  The  initial 
ascending  part  of  the  curve  indicates  that  all  the  alpha 
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particles  are  not  absorbed  completely  at  low  cyclo¬ 
hexane  pressures,  while  the  plateau  region,  commencing 
when  about  two  mis  of  liquid  cyclohexane  are  used,  in¬ 
dicated  the  absorption  of  all  the  alpha  particles.  All 
the  subsequent  investigations  were  therefore  carried  out 
with  two  mis  of  liquids,  thereby  attaining  the  maximum 
possible  absorption  of  energy. 

It  appears  from  a  general  survey  that  hydrogen 
is  the  major  single  product  that  is  obtained  during  the 
radiolysis  of  cyclohexane  in  both  the  liquid  and  gas 
phases.  The  G(Hg)  values  obtained  by  various  workers  for 
liquid  cyclohexane  are  mostly  around  5.4  (58).  The  two 
values  previously  reported  for  GOfe)  for  vapour  phase 
radiolysis  of  cyclohexane  are  at  variance.  The  Gdig)  for 
electron  radiolysis  of  cyclohexane  vapour  reported  by 
Manion  and  Burton  (43)  is  1.4  and  that  reported  by  Henri 
and  coworkers  (73)  for  alpha  radiolysis  of  cyclohexane 
vapour  is  3.6.  Both  these  values  are  far  lower  than  the 
corresponding  values  of  G(Hg)  obtained  from  the  radiolysis 
of  liquid  cyclohexane.  This  does  not  seem  reasonable  by 
comparison  with  n -pentane  and  n -hexane  (80,124)  where  the 
gas  phase  yields  are  greater  than  the  liquid  phase  yields. 
The  true  *G*  value  for  vapour  phase  cyclohexane  radiolysis 
might  be  expected  to  be  higher  than  those  given  above.  In 
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the  present  work,  the  initial  yield,  G(-196°C)jL,  is  8*1 

(Figure  7),  If  it  is  assumed  that  G(CH4)  -  0,13  at  all  the 

doses  in  the  dose  function  experiments  of  cyclohexane, 

then  w  8.0,  The  value  of  G(-196°C)^  was  obtained  by 

extrapolating  the  G(-196°C)  values  in  Figure  7  to  zero  dose. 

The  product  distribution  in  the  radiolysis  of 

cyclohexane  vapour  was  studied  as  a  function  of  dose.  The 

yield  of  gases  volatile  at  -196 °C  is  a  linear  function  of 

dose  over  the  range  studied.  It  can  therefore  be  suggested 

that  the  primary  decomposition  of  excited  cyclohexane  vapour 

molecules  is  linearly  dependent  on  dose.  The  decrease  in  the 

yields  of  some  of  the  products  is  probably  due  to  secondary 

2q 

reactions.  The  absorption  of  10"  ev  would  correspond  to  the 
decomposition  of  about  0,1  percent  of  the  cyclohexane. 

If  the  decomposition  of  cyclohexane  vapour  is 
represented  as 

o-C6H12  — >  Bg  +  X 

then  the  total  hydrogen  deficiency  in  the  initial  yields 
of  the  products  X  should  be  equal  to  G(H^)_^  =■  8,0.  A 

material  balance  of  all  the  products  measured  during  the 
radiolysis  of  cyclohexane  is  given  in  Table  XXIII,  The  Cg, 

Cg  and  C^q  hydrocarbons  may  be  secondary  products  and 
perhaps  should  not  have  been  included  in  the  table.  Since 
no  G^  values  were  available  for  these  compounds,  the  G  values 
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TABLE  XXIII 

Material  Balance  of  Products  from  Irradiation  of  Cyclo¬ 

hexane  Vapour 


The  hydrogen  equivalent  of  a  product  corresponds  to  the 
amount  of  hydrogen  that  was  formed  when  that  product  was 
formed  from  cyclohexane 


Product 

Gi 

H2  equivalent 

0,28 

0.28 

°2H4 

00 

• 

03 

0.00 

C2H2 

0.65 

0.65 

0*95 

0,95 

0S% 

0*78 

0,00 

C.H 

4:10 

Os  04 

0.04 

C4Hg 

0.30 

0.00 

Cyclohexene 

0,77 

0.77 

Cg  hydrocarbon 

(0.06) 

(0.06?) 

CQ  hydrocarbon 

(0.07) 

(0.07?) 

C10  hydrocarbon 

(0.17) 

(0.17?) 

Total  hydrocarbons 

0.69 

0.69 

Total 

1.14 

lli 

8.0 

8.0 
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obtained  in  the  highest  dose  run  are  given  and  are  in 
parenthesis. 

It  can  be  easily  seen,  by  comparing  the  total 
hydrogen  equivalent  of  the  hydrocarbon  products  with 
G ( Hg ) i  =  8.0,  that  the  hydrogen  equivalent  of  about  7  G 
units  of  hydrocarbon  products  have  been  missed*  A  similar 
deficiency  of  over  one  G  unit  in  material  balance  has 
been  reported  by  Freeman  (58)  in  the  liquid  phase  radiolysis 
of  cyclohexane.  The  analysis  of  the  products  was  performed 
by  Freeman  using  vapour  phase  chromatography*  The  only 
instance  where  a  good  material  balance  was  obtained  was 
in  a  study  of  the  effect  of  quinones  on  the  -radiolysis 
of  liquid  cyclohexane  (125)* 

From  the  investigation  of  the  alpha  radiolysis 
of  cyclohexane  vapour,  Henri  and  coworkers  (73)  have  given 
the  following  G  values  of  the  products:  Hg  :=  3*6;  CH4  = 
0*53;  CgHg  —  1.2;  C3HQ  5  0.33;  C4H1Q  -  0.34.  No  yields  for 
liquid  products  were  reported.  However,  it  is  evident  that 
there  is  a  very  poor  material  balance,  since  the  C/H  ratio 
in  all  the  reported  hydrocarbon  products  is  lower  than  that 
in  cyclohexane. 

The  material  balance  is  much  worse  in  the  vapour 
phase  than  in  the  liquid  phase.  This  poor  material  balance 
might  possibly  be  explained  by  ion-molecule  reactions.  In 
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that  connection,  an  attempt  was  made  to  calculate  the  life 
time  of  the  positive  ions  under  the  experimental  conditions 
of  this  investigation. 

The  effective  volume  of  cyclohexane  vapour  which 
was  directly  irradiated  in  the  one  litre  bulb  was  approx¬ 
imately  400  ml.  Assuming  the  value  of  W  to  be  equal  to  30  ev 
per  ion  pair  produced,  the  number  of  ion  pairs  produced  per 

19 

cc  per  second  by  an  energy  input  of  about  10  ~  ev  per  hour 
was  calculated  to  be  2.5  x  lO1^. 

From  steady  state  treatment  of  the  reactions 

M  - y'  M  ©  -“(l) 

M'  +  e  - - ->  M  —(2) 

„L- 

where  M  =  reactant  molecule,  M  =r  molecule  ion,  M  =  ex¬ 
cited  molecule,  it  can  be  written  that 


•  "dt  0  I  -  kg  (M  1  )  (e)  —(3) 

—5 

Using  equation  (3)  and  the  values  1&>  ■  '  10  cc 
per  ion  sec.  (126)  and  I  2.5  x  10*^  ion  per  cc  sec.,  the 
steady  state  value  of  (M  )  ^5  x  108  ion  per  cc  was  obtained. 
The  mean  life  time,  ,  of  the  ions  would  then  be  given  by 
T  =  (M  1  )/l  <  2  x  10“3  sec.  If  another  value  of  10”8 

g 

cc  per  ion  sec. (127)  is  used,  the  values  (M  ) ^  5  x  10  ion 
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per  cc  and  (  ^  2  x  10”  sec.  are  obtained.  Thus  the  life 
time  of  the  positive  ion  may  be  of  the  order  of  several 
milliseconds.  However,  it  is  believed  that  the  life  time 
of  a  positive  ion  in  an  irradiated  liquid  is  of  the  order 
of  10”13  seconds  (128).  In  view  of  the  long  life  time  of 
the  positive  ion  in  the  gas  phase,  the  carbon  deficiency 
in  the  measured  products  may  possibly  be  explained  in 
terms  of  polymer  formation  by  ion  molecule  reactions. 
Hydrocarbons  with  carbon  number  higher  than  12  (i.e.  larger 
than  dimers  of  cyclohexane)  would  not  have  been  detected 
by  the  present  analytical  system.  The  much  longer  life  time 
of  the  ions  in  the  gas  phase  than  in  the  liquid  phase  might 
permit  a  larger  amount  of  some  such  polymerisation  to  occur 
in  the  gas  phase. 

The  formation  of  hydrogen  involves  the  cleavage 
of  C  -  H  bonds  in  the  cyclohexane  molecule.  The  products 
volatile  at  -112 °c.  Viz.,  C2,  Cg  and  C4  hydrocarbons,  in¬ 
volve  the  rupture  of  the  ring.  The  acetylene  might  be  pro¬ 
duced  by  dehydrogenation  of  ethylene  (e.g.,  C2H4 — >  C2H2+  H2) 
and  the  saturated  hydrocarbons  might  be  formed  by  hydro¬ 
genation  of  the  olefins.  The  yields  of  the  C2,  and 
hydrocarbon  products  were  over  ten  times  greater  in  the  gas 
phase  than  they  were  in  the  liquid  phase  irradiations  (58). 
This  large  difference  might  be  due  to  the  rapid  recombination 
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of  hydrocarbon  radical  fragments  in  the  liquid  cages.  It 
might  also  be  partly  due  to  the  formation  of  different 
excited  species  in  the  two  phases. 

If  hydrogen  is  formed  by  the  decomposition  of 
excited  cyclohexane  molecules,  it  is  probably  formed  by 
the  reactions 


°-c6V  - 

H  +  °-C6Hll 

-(4) 

H  i  c-CgH^g 

It+0"G6H11 

-”( 5) 

and  possibly 

c-C„H 

6  12 

— >^  +  c-C6h10 

—  (6) 

If  hydrogen  is  produced  via  ion  molecule  reactions. 

these 

might  be 

c-C-H  „  +  c-C  H 
°  12  6  12 

>  °-C6H13  + 

"”(7) 

c-C-H  (  +  e 

6  13 

/  °'C6HH  +  H2 

-(8) 

Reaction  (8)  represents  the  dissociative  eom- 

i 

bination  of  an  electron,  e,  with  the  c-C„H  Ion.  Re- 

o  13 

actions  (7)  and  (8)  generate  cyclohexyl  radicals,  so  they 
are  the  ionic  analogues  of  reactions  (4)  and  (5).  The 
cyclohexyl  radicals  would  combine  or  disproportionate: 
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2  C-C6HU 


C12H22 


~(9) 


°-Ce=LO  '  c-C6H12 


—do) 


The  value  of  the  ratio  of  the  initial  yields  of  cyclo¬ 
hexene  and  dicyclohexyl  is  ^(c-CgH^)^  /  Cj(  a~Gj2-22j  l  ^ 
0o 77/0 ,46  =s  1.67  which  is  similar  to  the  value  1.84  ob¬ 
served  in  the  liquid  phase  (58).  This  might  be  taken  as 
an  additional  argument  that  only  a  small  portion  of  the 
cyclohexene  is  formed  by  reaction  (6)  and  that  the  value 
of  the  ratio  /  kg  is  greater  than  unity  in  both  the 
liquid  and  gas  phases  (129). 

Ring  fragmentation  appears  to  occur  in  three 

ways: 


I  II  III 


Type  II  might  be 
of  Cg,  C3  and  C4 
fragmentation  of 
0.3,  1.0  and  0.9 
hexane  molecules 


a  continuation  of  type  I.  Prom  the  yields 
hydrocarbons,  the  G  values  for  cyclohexane 
types  I,  II  and  III  were  calculated  to  be 
respectively.  The  total  G  value  of  cyclo- 
that  underwent  fragmentation  was  about  2,2. 
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The  yield  of  propane  is  surprisingly  high  and 
the  mechanism  of  its  formation  is  not  evident.  The  rela¬ 
tive  yields  of  propane  and  propylene  indicate  that  the 
former  was  probably  not  entirely  produced  by  hydrogenation 
of  the  latter. 

(b)  Inhibition  experiments 

The  study  of  binary  systems  has  helped  consid¬ 
erably  in  the  investigation  of  the  primary  chemical  pro¬ 
cesses  involved  in  radiation  chemistry.  When  a  solute  is 
dissolved  in  a  solvent  and  the  solution  irradiated,  the 
yields  of  the  products  are  frequently  quite  different  than 
they  would  have  been  if  the  substances  had  been  irradiated 
separately.  If  the  solvent  products  yields  are  lowered,  the 
solute  is  said  to  11  protec t"  the  solvent.  Thus  the  amount 
of  hydrogen  from  cyclohexane  irradiation  is  considerably 
lowered  by  the  presence  of  benzene. 

Such  a  protective  action  of  the  solute  might  be 
caused  either  by  trapping  the  free  radicals  produced  from 
the  primarily  excited  and  ionised  molecules  or  by  trapping 
the  energy  from  these  molecules. 

The  aim  in  these  investigations  was  to  study 
the  protection  role  played  by  benzene,  cyclohexene  and 
propylene  in  the  decomposition  of  cyclohexane  during  ir¬ 
radiation  in  the  vapour  phase. 
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As  stated  by  Manion  and  Burton  (45),  it  might 

be  expected  that,  if  there  were  no  interaction  between  the 
components  of  the  solution,  the  cyclohexane  product  yields 
would  be  directly  proportional  to  the  fraction  of  the  ab¬ 
sorbed  energy  that  is  absorbed  directly  by  the  cyclohexane* 
It  has  been  assumed,  for  lack  of  a  better  function,  that 
the  amount  of  energy  absorbed  in  primary  processes  in  a 
given  component  is  directly  proportional  to  the  electron 
fraction,  £  ,  of  that  component  in  the  system* 

The  above  assumption  is  probably  not  strictly 
correct  because  most  of  the  ionisations  and  excitations 
in  radiolytic  systems  are  produced  by  electrons  of  about 
100  ev  or  less  energy.  At  these  energies,  the  inner  shell 
electrons  (1  s  electrons  in  carbon)  will  not  contribute 
appreciably  and  the  probability  that  a  molecule  will  be 
ionised  by  electron  impact  will  be  roughly  proportional 
to  the  number  of  outer  shell  electrons  (valence  electrons 
in  hydrocarbons)  in  the  molecule.  Thus,  for  example,  in 
the  case  of  benzene,  the  outer  shell  electron  fraction, 

V^,  in  a  solution  of  cyclohexane  could  be  defined  as 

VH  -  30  nb 


30  n^  Hr  36  nc 


: :  .  • 1 


.  - 
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as  compared  to  the  '‘total  electron”  fraction, 

£,  _  42  *>b 

b  — - — 

42  nb  -+-  48  nc 

where  30  and  42  are  the  numbers  of  outer  shell  electrons 
and  total  electrons  in  benzene,  36  and  48  are  the  numbers 
of  outer  shell  electrons  and  total  electrons  in  cyclo¬ 
hexane;  n^  and  nc  are  the  respective  number  of  moles  of 
the  compounds  in  the  solution.  It  can  be  seen  from  the 
above  that  the  values  of  would  be  a  bit  smaller  than 
the  corresponding  values  of  b  However,  the  rate  of 
energy  loss  of  an  energetic  electron  in  a  medium  is  larger, 
the  smaller  is  the  ionisation  potential  of  the  medium  (130). 
The  lower  ionisation  potential  of  the  T  electrons  in 
benzene  would  lower  the  average  ionisation  potential  of 
the  outer  shell  electrons  in  benzene  below  that  of  the 
outer  shell  electrons  in  cyclohexane.  The  net  effect  would 
be  to  increase  the  relative  energy  absorption  of  benzene 
in  the  cyclohexane-benzene  solutions.  The  lower  excitation 
potentials  of  benzene  would  have  a  similar  effect,  especially 
when  the  energy  of  the  exciting  electrons  has  been  degraded 
to  a  few  ev.  Thus  the  fraction  of  the  energy  absorbed  by 
benzene  may  be  greater  than  V^.  Since  6  ^  is  greater  than 
vb>  £  b  has  beer»  used  in  treating  the  present  results. 
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Similar  treatments  can  be  extended  to  cyclohexene  and 
propylene  and  t  ^  Can  be  shown  greater  than  V^,  where  the 
subscript  i  refers  to  the  inhibitor  (alternately  called 
the  protector). 

The  experimental  results  obtained  in  the  in¬ 
hibition  experiments  of  cyclohexane  were  tested  against 
several  mechanisms  and  two  mechanisms  were  found  to  give 
straight  line  plots.  One  mechanism  involved  scavenging 
of  hydrogen  atoms  and  the  other  involved  energy  transfer 
from  cyclohexane  to  the  protector.  The  two  mechanisms  will 
be  treated  separately. 

(l)  Scavenging  mechanism 


C~^6H12 

I  s 

— y 

C6H12 

—  (1) 

°-C6Hl2 

HU  ^7* 

H  +  C6Hn 

-(2) 

Htc-C6H12 

- ^ 

\  C6H11 

—  (3) 

H  f  P 

PH 

—  (4) 

H  4-  P 

- > 

*2+  P" 

—  (5) 

In  the  above  equations,  P  represents  a  protector  such  as 
benzene,  cyclohexene  or  propylene,  and  PH  and  P-  represent 
the  corresponding  radicals. 

Since  the  kinetic  treatment  is  based  on  the 
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hydrogen  yield  and  since  the  formation  of  the  other 
products  does  not  appreciably  affect  the  hydrogen  yield 
under  the  present  conditions,  the  steps  for  the  formation 
of  other  products  have  not  been  included*  It  may,  however, 
be  mentioned  that  a  detailed  mechanism  involving  some  of 
the  other  products  has  been  given  by  Freeman  for  the  liquid 
phase  -radiolysis  of  cyclohexane-benzene  (58)  and  cyclo- 
hexane-cyclohexene  (61)  systems* 

By  steady  state  treatment  of  the  above  mentioned 
scavenging  mechanism,  it  can  be  shown  that 


a(H2) 

at 


k3(H)(C6H12)  +  kg(H)  ( P) 


~(i) 


a(H) 

at 


kgtCgH^  )  -  kg(H)  ( P)  -  k4(H)(P) 

~kg( H) ( P)  =  0  --(ii) 


d<C6H12  } 

dt 


1  ‘  k2(C6H12  )  =  0 


— ( iii) 


From  the  above  equations  (i),  (ii)  and  (iii),  equation  (iv) 
can  be  obtained. 


d(H2)  1  [k3(C6Hl2)~)'k5(F) 

dt  k3(C6H12)  4  (k4+*  k5)(P) 


—  ( iv ) 


Grouping  terms  in  equation  (iv)  yields 


DM  c 


, 


' 

- 


'  :■  V  .  •  r 
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<*(%)  1  + 

1  +  (k4+k5)(P)/k3(C6Hl2) 


dt 


—  (▼) 


By  rearrangement,  equation  (v)  gives 


(P) 

1  •+-  w  — — — 

(CgH  )  d(Hg)/dt 


(P) 


1  -f-  V 


(°6H12) 


—  (vi) 


where  w  =  kg/kg,  V  =  (k4Pk5  )/k^  and  represents  the 

left  hand  side  of  equation  (vi). 

To  obtain  the  values  for  I  /  the  following 

dt 

procedure  was  followed.  Since  the  yield  is  proportional 
to  the  energy  absorbed,  I  =  G(Hg)0^  for  pure  cyclohexane. 
In  the  presence  of  benzene. 


—  ( vii) 


As  mentioned  earlier  (page  87  of  this  thesis) 


G(H2} "expected  =  ^c+^P  '  P 


where  the  symbol  P  replaces  i  in  the  earlier  equation. 

It  follows  from  equations  (vii)  and  (viii)  that 


1  =  G(H2)0expected 


G(H2)0P  '  P 


—  ( ix) 


-  124 


Similarly,  it  can  b©  written  that 


cKHg) 

dt 


(UHg) 


o 

observed 


-  G<%>°p 


~(x) 


since  only  hydrogen  production  from  cyclohexane  is  being 
considered. 

Then 


I 

d(Ej)/dt 


G<E2>  Expected  ~  G<  V  V  P 

G(I^°observed  ‘  G(  V°P  ^  P 


The  numerical  values  far  X  /  were  determined  using 

dt 

the  experimental  data  and  equation  (xi).  These  values  are 
presented  in  Tables  XXIV  -  XXVI. 

By  giving  arbitrary  values  to  w  in  equation  (vi), 
sets  of  values  of  were  calculated.  These  sets  of  values 
of  were  plotted  against  (P)  /  (C^H^ )  to  see  if  a  straight 

line  could  be  obtained  for  each  of  benzene,  cyclohexene  and 

propylene.  Such  a  line  was  obtained  in  each  case  (  see  Tables 

XXIV  -  XXVI  and  Figure  15)  with  intercept  unity  in  accordance 

with  equation  (vi)*  The  slope  of  the  straight  line  is  equal 
to  (k4+kg)  /  k^. 

The  values  of  the  various  ratios  of  rate  constants 
derived  from  these  plots  are  shown  in  Table  XXVII.  These 
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Figure  15 


Figure  15 


Kinetic  Plots  of  Scavenging  Mechanism 
(Cyclohexane  inhibition  experiments) 


1  4.  w 


(P) 


He*#' 


a(V7St 


A:  P  -=•  propylene 

B:  P  cyclohexene 

C;  P  «  benzene 


( P)/  ( S) 
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TABLE  XXVII 


Values  of  Rate  Constant  Ratios  Obtained  from  Mechanism  (i) 


p 

Vk3 

c  H 

2. 5  +  0. 2 

6  6 

°-C6Hl0 

25  jt  10 

C3H6 

>10 

k  A 

4  3 

k  A 

4 

5.9Hh  0.5 

2.4 

31  ±  19 

1.2 

7  105 

11 
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values  might  not  be  unreasonable  in  the  cases  of  cyclo¬ 
hexene  and  propylene  if  the  hydrogen  atoms  are  assumed  to 
be  epithermal.  The  value  of  k^/k^  obtained  for  benzene, 
however,  is  surprisingly  high  even  for  epithermal  hydrogen 
atoms.  It  implies  that  abstraction  of  hydrogen  from  benzene 
is  2.5  times  faster  than  from  cyclohexane.  The  smaller 
amount  of  hydrogen  in  benzene  and  the  stronger  C-H  bond 
in  benzene  than  in  cyclohexane  make  this  seem  unlikely.  A 
possible  complex  mechanism  may  exist  for  reaction  (5)® 

With  the  data  on  hand,  it  is  not  possible  to  conceive  the 
details  of  such  a  complex  mechanism. 

Now  the  energy  transfer  mechanism  will  be  con¬ 
sidered. 

(2)  Energy  transfer  mechanism 

A  general  energy  transfer  mechanism  which  fits 
the  experimental  results  can  be  written  as  follows: 


C6H12 


„  i  . 
/y\ - A ^ 


C.H 
6  12 


C  H  -)  P 
ol2  ' 


”> 


CH 

—  (1) 

6  12 

Hg  products 

-(6) 

C„H_ .  i  P ' 

—  (7) 

o  12 

x  H„  4.  products. 

0><  x^l  —(8) 

The  x  signifies  that  perhaps  not  every  P  results  in  the 
formation  of  a  hydrogen  molecule.  Reactions  (6)  and  (8) 


. 

■  /■,  ■’  ‘ ;  J:  ;  :  ".  ■ 

'  -  •  ■  ! 
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- 

, 

.... 

■ 

. 

, 
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represent  over-all  processes  and  might  comprise  several 
steps  each.  Steady  state  treatment  of  this  mechanism 
yields 


dU^) 

dt 

d(C6H1|  ) 
dt 

d(P*) 

dt 


kg(C6H12  )  |  x  k8(P  )  — (xii) 

1  "  VC6Hi2  }  ’  VC6H12  ><*>=0~(xiii) 

)(P)  -  k  (P*)  =  0  —  (xiv) 

•  o  12  8 


By  rearranging  equations  (xiii)  and  (xiv)  to  obtain  ex¬ 
pressions  for  (Cgfi^g  )  and  (P  )  and  substituting  these 
expressions  into  equation  (xii),  equation  (xv)  can  be  obtain 
ed. 


d(Hg) 

dt 


1(1  x 


% (p) 


i+22  (p) 

kg 


— (xv) 


Rearrangement  of  equation  (xv)  gives 


1  -t  y(P) 


1/ 


d(H2) 

dt 


=  P 


1  -i  z(P) 

/ 


—  ( xv  i ) 


where  y  x  k^/k^,  z  k^/k,  and  represents  the  left  hand 


i  ; ;  r  "  . 


.  I 


J '  ■ 


.  ■  :  .  v.  1: 
I,  1 


:  ;1 


.  *  V 

;  .  .  .  •:*'  . 


'  -■ 


a 


V 


V 

; .  v 
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side  of  equation  (xvi). 

Assuming  arbitrary  values  for  y,  sets  of  values 
of'  were  calculated.  The  calculated  values  of  were 
plotted  against  the  protector  concentration,  ( P) ,  in  moles 
per  litre  (gas  phase)  in  an  attempt  to  obtain  a  straight 
line  with  an  intercept  of  unity.  Such  a  line  was  obtained 
for  each  system  (see  Tables  XXVIII  -  XXX  and  Figure  16). 

The  value  of  y  that  gave  the  desired  line  in  each  system, 
along  with  the  slope  of  the  line,  z,  and  corresponding 
value  of  x,  is  presented  in  Table  XXXI. 

The  value  of  the  ratio  of  k^/kg  indicates  the 
value  of  ratio  of  the  rate  of  energy  transfer  to  the  rate 
of  decomposition  of  the  excited  cyclohexane  species.  The 
value  of  the  ratio  k^/k^  in  liquid  cyclohexane  -  benzene 
was  0.78  litre  per  mole  (58)  and  in  liquid  cyclohexane  - 
cyclohexene  was  0.54  litre  per  mole  (61).  Thus  the  value 
of  this  ratio  in  the  gas  phase  is  of  the  order  of  103  times 
greater  than  in  the  liquid  phase.  This  has  three  possible 
causes:  (a)  is  much  smaller  in  the  gas  than  in  the 
liquid  phase;  (b)  is  much  larger  in  the  gas  than  in  the 
liquid;  (c)  both  of  (a)  and  (b). 

¥: 

The  exact  nature  of  CgH-^g  is  not  known,  but 
it  is  most  likely  that  it  is  either  an  electronically 
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Figure  16 


i, 


Figure  16 

Kinetic  Plots  of  Energy  Transfer  Mechanism 


(Cyclohexane  inhibition  experiments) 
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TABLE  XXXI 


Value 

of  Kinetic  Parameters 

Obtained  from 

Mechanism  (2) 

P 

y( litres/mole) 

X 

litre/mole) 

C  H 

6  6 

150  ±  18 

0.25±0.01 

610  ±  25 

C*H 

6  10 

1200  ±420 

0,44  j  0,01 

2700  ±  800 

to 

o 

>  1200 

0,27  ±0.01 

^2570 

•  •  » •  *  ■  .  .  ■ . . 
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excited  molecule  or  a  positive  ion.  Consider  the  above 

.im¬ 
possible  cause  (a;.  If  CgH^g  were  an  electronically 

excited  molecule,  the  rate  of  its  decomposition  might 
be  the  same  in  both  the  liquid  and  gaseous  states.  This 
would  be  especially  true  if  the  internal  conversion  of 
some  of  the  electronic  energy  into  vibrational  energy 
occurs  as  rapidly  as  it  is  presently  thought  to  occur  (144). 
On  the  other  hand,  if  were  a  positive  ion,  and 

reaction  (5)  corresponds  to  the  dissociative  recombina¬ 
tion  of  the  ion  and  electron,  k^  would  be  several  orders 
of  magnitude  smaller  in  the  gas  than  in  the  liquid  phase. 

It  is  believed  that  the  lifetime  of  a  positive  ion  in  an 
irradiated  liquid  is  of  the  order  of  10“13  seconds  (128). 
However,  under  the  present  conditions  of  gas  phase  irradia¬ 
tions,  the  lifetime  of  the  positive  ion  has  been  calculated 
to  be  of  the  order  of  10"*^  seconds  (see  page  114  of  this 
thesis).  Thus  kg  might  be  smaller  by  a  factor  of  the  order 
of  10“^-°  in  the  gas  phase  than  in  the  liquid  phase. 

Now  consider  the  above  possible  cause  (b),  that 
k7  is  much  larger  in  the  gas  than  in  the  liquid.  If  re¬ 
action  (7)  occurred  during  physical  molecular  collisions, 
k„  might  be  expected  to  be  of  the  same  order  of  magnitude 
in  the  two  phases.  Most  theories  of  electronic  excitation 
transfer  imply  that  the  value  of  k^  in  the  gas  phase  would 
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be  similar  to  or  much  smaller  than  the  value  in  the  liquid 
phase  (e.g.,  the  exciton  theory  (131),  assuming  that  there 
is  a  certain  degree  of  order  in  the  liquid,  and  the  sen¬ 
sitised  fluorescence  theory  (24)  imply  much  smaller  rate 
constants  in  the  gas  phase).  If  CgH-jg  is  the  positive 
ion,  it  seems  very  likely  that  ky  would  be  very  much  smaller 
in  the  gas  phase  than  in  the  liquid  phase  (Ref,  (132)  com¬ 
bined  with  Ref.  (129)  ). 

,_V- 

In  summary,  if  CgH^g  were  an  electronically 
excited  molecule,  it  appears  that  the  value  of  the  ratio 
k^/kg  in  the  gas  phase  should  have  been  the  same  or  smaller 
than  in  the  liquid  phase*  If  CgH-jg'  were  a  positive  ion, 
the  value  of  the  above  ratio  in  the  gas  phase  could  easily 
be  several  orders  of  magnitude  larger  than  In  the  liquid 
phase  (about  10  divided  by  the  appropriate  ratio  of  k7 
values  in  the  two  phases).  The  observed  increase  by  a 
factor  of  about  10  ,  when  the  phase  is  changed  from  liquid 
to  gas,  may  be  taken  as  an  indication  that  CgH^g  is  a 
positive  ion. 

(B)  Radiolyses  of  Benzene,  Cyclohexene  and  Propylene 

The  data,  for  the  radiolytic  decomposition  of 
benzene,  cyclohexene  and  propylene  are  not  extensive  enough 
to  draw  any  definite  conclusions  about  the  mechanisms  of 
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decomposition.  However,  an  attempt  to  postulate  the  for¬ 
mation  of  some  of  the  products  is  made. 

(a)  Benzene 

If  the  radiolytic  decomposition  of  benzene  is 
represented  as 


C6Hg  - >  %  +  * 

then  the  total  hydrogen  deficiency  in  the  yields  of  the 
products  X  should  be  equal  to  G( Hg )  =  1,38.  A  material 
balance  of  the  products  obtained  in  the  present  work  is 
given  in  Table  XXXII. 

It  is  clear  from  Table  XXXII  that  the  hydrogen 
equivalent  of  over  one  G  unit  of  hydrocarbon  products  are 
missing.  Prom  the  investigation  of  the  alpha  radiolysis 
of  benzene  by  Mund  and  Bogaert  (74),  Burton  (as  in  Ref. (74)  ) 
calculated  G  (polymer)  4.  Although  this  figure  f4’  may  not 
be  accurate,  yet  it  is  indicative  of  high  polymerisation 
in  the  radiolysis  of  benzene  vapour.  If,  in  the  present  study, 
polymers  with  carbon  numbers  higher  than  12  were  formed,  they 
would  have  remained  undetected.  Therefore  this  probably  is 
the  reason  for  poor  agreement  in  the  material  balance. 

According  to  molecular  orbital  theory,  the  electrons 
of  each  carbon  atom  in  a  benzene  molecule  exist  in  three 
coplanar  sp2  orbitals,  making  120°  angles  with  each  other  and 
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TABLE  XXXII 

G  Values  and  Material  Balance  of  Products  from  Irradiation 

of  Benzene  Vapour 

The  hydrogen  equivalent  of  a  product  corresponds 
to  the  amount  of  hydrogen  that  was  produced  when  that  pro¬ 
duct  was  formed  from  benzene 


Product 

G(  Product  s) 

Hg  Equivalent 

ch4 

0.15 

-  0.20 

C2H6 

0.08 

-  0.16 

C2H4 

0.07 

-  0.07 

°2% 

1.15 

0.00 

Total 

hydrocarbons  0.51 

0.00 

Tot  al 

-  0.45 

% 

1.58 

1.58 
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in  a  p  orbital  normal  to  the  plane  of  the  sp2  orbitals. 
These  six  p  orbitals  are  pictured  as  interacting  over  the 
entire  ring  and  not  confined  to  any  particular  bond*  These 
six  K  electrons  form  a  charge  cloud  both  above  and  below 
the  plane  of  the  carbon  ring.  These  electrons  have  free 
mobility  in  the  molecular  orbital  formed  by  the  inter¬ 
action  between  p  orbitals.  This  free  mobility  indicates 
that  any  energy  or  electrical  influence  on  the  ring  is 
conveyed  from  one  part  of  the  molecule  to  another.  Thus 
if  the  energy  absorbed  during  irradiation  is  distributed 
over  the  entire  molecule  and  thereby  not  confined  to  any 
particular  bond,  there  might  be  insufficient  accumulation 
of  energy  in  any  particular  bond  to  cause  it  to  rupture. 
This  perhaps  causes  the  relatively  low  yields  observed  in 
photochemical  (133,134)  and  radiation  chemical  experiments 
(43,73,58). 

(b)  Cyclohexene 

Cyclohexane  has  been  reported  as  a  major  pro¬ 
duct  in  the  radiolysis  of  cyclohexene  in  both  the  liquid 
(58)  and  vapour  (73)  phases.  Benzene  is  also  a  product  in 
the  vapour  phase  (73).  In  the  present  work,  besides  cyclo¬ 
hexane  and  benzene,  dicyclohexyl,  cyclohexyl-cyclohexene, 
and  dicyclohexenyl  were  found.  Although  cyclohexadiene 
might  have  been  expected  as  a  product,  our  analytical 
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system  was  inadequate  for  its  detection. 

If  the  decomposition  of  cyclohexene  is  considered 


as 


C~C6H10  %  X 

then  the  total  hydrogen  deficiency  in  the  yields  of  the 
products  X  should  be  equal  to  ^(Hg)  =  3.1.  Table  XXXIII 
gives  a  material  balance  of  the  products  obtained  in  this 
study  along  with  their  G  values. 

It  is  evident  from  Table  XXXIII  that  a  deficiency 
of  over  3  G  units  of  hydrogen  equivalents  exists  in  the 
measured  products.  As  was  stated  in  the  cases  of  cyclohexane 
and  benzene,  this  deficiency  might  be  ascribed  to  a  polymer 
that  was  not  measured  in  our  analytical  system.  The  for¬ 
mation  of  such  polymers  to  the  extent  of  4  G  units  of  cyclo¬ 
hexene  was  reported  by  Freeman  (61)  in  the  liquid  phase 
radiolysis  of  cyclohexene. 

It  Is  not  known  to  what  relative  extents  free 
radical  and  ionic  reactions  are  responsible  for  the  observed 
products.  Since  very  little  is  known  about  ion  molecule 
reactions,  it  is  virtually  impossible  to  test  their  feasi¬ 
bility  by  kinetic  calculations.  A  postulated  free  radical 
mechanism  can  be  tested  to  a  limited  extent*  The  following 
partial  mechanism  is  consistent  with  the  observed  product 
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TABLE  XXXIII 

Material  Balance  and  G  Values  of  Products  Obtained  in  the 

Radiolysis  of  Cyclohexene  Vapour 

The  hydrogen  equivalent  of  a  product  corresponds 
to  the  amount  of  hydrogen  that  was  produced  when  that  pro- 


duct  was  formed  from 

cyclohexene 

Products 

G( Product s) 

Hg  Equivalent 

CH4 

0*28 

-  0.28 

C2% 

0*05 

-  0.05 

C2H4 

1.55 

0.00 

c2% 

0.62 

0.00 

03% 

0.07 

0.00 

C3H8 

0.14 

-  0.14 

C4  hydrocarbon 
(probably  C4Hg) 

0.16 

0.00 

°-C6H12 

1.35 

-  1.35 

C6H6 

0.12 

0.24 

dicyclohexyl 

0.16 

-  0.16 

cyclohexyl-cyclohexene  0*85 

0.00 

dicyclohexenyl 

1.46 

1.46 

Total 

-  0.28 

% 

3.1 

3.1 

.  c 
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yields: 


0-C6H10 

v  -  ;>  c  —0  Ii  -f-  H 

6  9 

—  (1) 

H  +  c-C„H 

6  lo 

. > 

—  (2a) 

c"C6H11 

—  (2b) 

°"C6H1o 

C”CgHi^  Hr  c  Hq 

—  (3) 

2  C-CgHg 

-  >  c“^C6H9^2 

-(4a) 

( d icyc lohexenyl ) 

— >°-°6B8  +  C“G6Hlo 

—  (4b) 

°-C6H9  +  °-C6Hll 

c  -C  H_  -  OH 

6  9  6  ll 

-(5a) 

( cyclohexyl-cyclohexene) 

— >  o-G6H8  +  o-C6H12 

—  (5b) 

-  C"C6H10 

—  (5c) 

2  c-C^ 

~  ^ (c“C6H11^2 

-(6a) 

(dicyclohexyl) 


c-C6Hio+  o-C6Hl2 


Assuming  that  free  radicals  are  the  only 
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precursors  of  the  dimers,  the  value  of  the  ratio 

.  v, 

k5a  /  (k4a  k6a)  is  §iven  bY 


Gto-CgHg-Cgll^)  /  [g(o-C6Hs)2  0(o-C6H^)8J 


k 


1.8 


This  is  close  to  the  statistically  expected  value  of  2  (135), 
Similarly,  assuming  as  a  first  approximation  that  reaction 
(3)  in  the  major  source  of  cyclohexane,  it  can  he  calculated 
that 

k3  /  (kga)  v ~v  l.SxlO”*9”1 2 * * 5  (l/mole  sec)  (see  footnote  1) 

The  gas  phase  rate  constant  k6a  will  have  a  value  of  about 
2x10^  l/mole  sec.  at  108°C  (see  footnote  2).  Therefore 

Q 

k3  2x10  l/mole  sec.  This  value  would  be  reduced  by  a 
factor  of  about  three  (i.©.,  to  about  70  l/mole  sec)  if  the 
amounts  of  cyclohexane  generated  in  reactions  (5b)  and  (6b) 
were  considered. 

The  present  value  might  be  compared  with  the  values 


(1)  This  value  was  calculated  using  the  dose  rate  (1.5  x  10 
ev/cc  sec),  the  cyclohexene  concentration  (0.013M)  and  the 
yields  of  cyclohexane  and  dicyclohexyl. 

(2)  Assuming  the  collision  diameter  of  cyclohexyl  radicals 

o 

is  equal  to  that  of  cyclohexane,  i.e.,  6.5  A  (136)  and  that 

reaction  (6a)  has  a  steric  factor  of  0,1. 
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of  the  rate  constants  for  hydrogen  abstraction  by  other 
radicals  from  several  hydrocarbons.  These  values  of  rate 
constants  are  presented  in  Table  XXXIV. 

Prom  Table  XXXIV,  it  is  evident  that  there  is 
a  marked  trend  of  decrease  in  the  values  of  rate  constants# 
from  hydrogen  through  methyl  to  ethyl  radicals.  Although 
the  values  in  Table  XXXIV  are  very  crude,  the  large  decrease 
in  the  rate  constant  from  the  ethyl  to  the  cyclohexyl  radical 
in  the  abstraction  of  hydrogen  from  cyclohexene  is  consistent 
with  the  trend. 

Although  some  of  the  hydrogen  and  c-CgHg  radicals 
might  have  been  formed  by  the  reactions 


C“G6Hio 


C-°6H10 

,  ■+* 

c“C6Hlo 

-h 

Q 

—  (7) 

°~C6H10 

C"°6H11 

C"C6H9 

—  (8) 

4~ 

H  © 

11 

~ . c  ^9 

-h 

% 

-(9) 

it  is  unlikely  that  any  of  the  c-CgH^  radicals  were  formed 
by 


°*ceHii  6 


°'C6H11 


—do) 


because  the  free  radicals  thus  produced  would  possess  too 
much  energy  to  be  stable.  The  most  reasonable  source  of 
c-CgH-Q  radicals  seems  to  be  reaction  (2b).  For  similar 
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TABLE  XXXIV 

Rate  Constants  at  108 °C  for  Hydrogen  Abstraction  Calculated 
from  the  Kinetic  Parameters  in  References  Cited 


R  !  R  H  RH  R 


R 

R  H 

k(l/mol©  sec) 

Reference 

c“C6h11 

c-CQHio 

70 

present  work 

°2H5 

c»C  H 

6  lo 

5500 

(137) 

c2h5 

n"G7H16 

430 

(138) 

CH3 

n-C3HU 

2960 

(138) 

CH3 

g”G6H12 

3400 

(138) 

E 

-C6% 

55000 

(138) 

H 

c-C  H 

6  12 

220000 

(138) 
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reasons,  reaction  (3)  seoms  to  be  a  reasonable  source  of 
cyclohexane. 


The  formation  of  lower  hydrocarbons  indicates 
that  two  types  of  ring  fission  occur,  if  the  04  olefin  is 
butadiene. 

\ 

\ 

*  csH4+  c4h6 


II 


2  02H4  +  Oglfe 


The  approximate  G-  values  of  cyclohexene  under  - 
going  fission  of  types  I  and  II  are  0.16  and  0.7  respectively. 
Thus  G(C4)  *+•  2  GKCgBg)  =  1*^2  agrees  reasonably  well  with 
G(C2H4)  =  1.57. 

(c)  Propylene 

Experimental  difficulties  prevented  the  deter¬ 
mination  of  the  yields  of  products  other  than  hydrogen  and 
methane.  A  value  of  Gr(Bg)  =■  2.2i  obtained  in  the  present  work 
can  be  compared  with  G(H£>)  -  1.3  -  2.4  calculated  for  propylene 
from  Back’s  (79,80)  results  and  with  GtHg)  -  1.5  obtained  by 
Kang  Yang  (139).  With  the  limited  data,  no  definite  conclusions 
could  be  drawn  regarding  the  mechanism  of  its  decomposition. 


. 
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(0)  Methyl  Cyclohexane  and  its  Binary  Solutions 
(a)  Pure  methyl  cyclohexane 

From  the  radiolysis  of  methyl  cyclohexane  as  a 
function  of  dose,  only  a  few  general  conclusions  could  he 
drawn*  Since  no  measurable  amounts  of  liquid  products  were 
obtained,  a  material  balance  could  not  be  worked  out*  On 
the  basis  of  the  experimental  work  done  in  connection  with 
cyclohexane  and  ethanol  (discussion  later),  one  might  have 
expected  Cy  and  C-y.  hydrocarbon  products  to  be  formed*  It 
is  not  clear  why  methyl  cyclohexane  gave  no  measurable 
liquid  products.  This  might  be  an  indication  that  the  poly¬ 
merisation  reaction,  previously  noted  in  the  cyclohexane 
system  was  more  extensive  in  the  methyl  cyclohexane  system. 
The  observations  are  far  too  few  to  propose  a  mechanism  for 
its  radiolytic  decomposition,  except  the  usual  formation  of 
excited  and  ionised  molecules  followed  by  the  rupture  of 
these  species*  The  yield  of  gases  volatile  at  -196 °C  appears 
to  be  independent  of  dose  (see  Figure  10).  The  average  G 
value  of  gases  non -condensable  at  -19S°C  is  about  6*1  -±  0*2. 
The  decrease  in  the  G  values  of  gases  volatile  at  -ll2°C  in 
the  low  dose  region  may  not  be  real  (see  Figure  10).  The 
amounts  of  gase3  volatile  at  -112°C  were  so  small  that  they 
could  not  be  accurately  measured*  This  might  be  the  cause 
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for  the  sharp  decrease  in  the  yields  of  gases  volatile  at 
-112°C  in  the  low  dose  region.  However,  in  the  dose  range 
2  x  10*  9  ev  to  17  x  1019  ev,  the  G  value  is  approximately 
constant  at  0,9, 

(b)  Inhibition  experiments 

The  curves  obtained  for  the  inhibition  studies 
of  methyl  cyclohexane  were  not  smooth  (see  Figure  11),  A 
general  decrease  in  the  yields  of  gases  volatile  at  -19S°C 
was,  however,  observed  with  increasing  concentration  of 
the  inhibitor  in  each  case.  The  experimental  results  of 
the  inhibition  runs  of  methyl  cyclohexane  are  not  precise 
enough  to  serve  as  a  test  of  a  particular  mechanism.  They 
may,  however,  be  treated  according  to  the  two  mechanisms 
obtained  for  the  cyclohexane  system  to  obtain  crude  values 
for  the  kinetic  parameters  of  those  mechanisms, 

(l)  Scavenging  mechanism 


Vu 

— >  C7%/ 

—  (1) 

C7  Hu 

H  +  °7H13 

-(2) 

C7H14 

-  >  VC7H13 

—  (3) 

H  +  P 

PH 

—  (4) 

HtP 

i 

cu 

+ 

rP 

A 

—  (5) 
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In  the  above  equations,  CyH.^  represents  methyl 
cyclohexane,  P  represents  the  protector,  PH  and  P  the 
corresponding  radicals.  By  analogy  with  the  cyclohexane 
systems,  steady  state  treatment  of  this  mechanism  yields 

1+.  — *  =  1+V  <F> 

(c7h14)  dC%)/dt  (cvh14) 

'  =  p 

where  w  =  k5/k3,  v  -  (k4  -l-kgj/k^  and  represents  the 
left  hand  side  of  the  equation. 

The  numerical  values  of  I  /  were  deter¬ 

mined  from  the  experimental  data. 

By  giving  arbitrary  values  to  w,  sets  of  values 
of  ‘  were  calculated.  These  sets  of  values  were  plotted 
against  the  ratio  (P)  /  (C^H-^)  to  see  if  a  straight  line 
could  be  obtained. 

The  value  of  which  best  fits  the  experimental 

data  and  the  corresponding  values  of  I  /  are  presented 

dt 

in  Tables  XXXV  and  XXXVI.  The  lines  obtained  are  shown  in 
Figure  17.  The  values  of  the  various  ratios  of  rate  constants 
are  summarised  in  Table  XXXVII. 

(2)  Energy  (ionisation  or  excitation)  transfer 

mechanism 
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Data  for  the  Curve  Fitting  the  (-196°0)  Fraction  Yield  in  Methyl  Cyclohexane-Cyclohexene  Systems 
Scavenging  mechanism  w  =  5  o  =  c.yclohexene  me  =  methyl  cyclohexane 
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G(-196°C)  is  taken  as  a  measure  of  GCHg)*  The  numbers  in  column  2  are  really  the  yields  of 
gases  volatile  at  -196 °C 
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Figure 


17 


Figure  17 


Kinetic  Plots  of  Scavenging  Mechanism 
(Methyl  Cyclohexane  inhibition  experiments) 

f  =  j  1  +  .  JILT1  _ 3_ 

(me)  d  ( Hg  )/dt 

A:  P  =  cyclohexene 

Bs  P  -  benzene 

me  -  methyl  cyclohexane 


(P)  /  (me) 
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TABLE  XXXVII 

Values  of  Rate  Constant  Ratios  Obtained  from  Scavenging 
Mechanism 


p 

k5/k3 

k4/k3 

CgHg 

3  ±  3 

2*6  ■+  o«2 

c-C„H_ 

6  10 

>5 

>9 

TT  * 

7H14 

Hg  +  products 

—  (6) 

7H14 

— >  P  +  c7h14 

—  (7) 

P* 

x  products,  0^  x  ^  1 

—  (8) 

¥r 

The  x  signifies  that  perhaps  not  every  P  results  in  the 
formation  of  a  hydrogen  molecule*  Reactions  (6)  and  (8) 
represent  over-all  processes  and  might  comprise  several 
steps  each.  By  analogy  with  the  cyclohexane  system,  steady 
state  treatment  of  this  mechanism  gives 


1  ■+  y 


<p>  j  V 


where  y  =  x  k^/kg,  z  =  k^/k^  and 
hand  side  of  the  above  equation. 


1  +  3  (  P) 


^  e 
e' 


represents  the  left 


Assuming  arbitrary  values  for  y,  sets  of  values 
of  were  calculated  and  plotted  against  the  protector  con¬ 
centration,  (P)  in  an  attempt  to  obtain  a  straight  line  with 
an  intercept  of  unity.  The  lines  that  best  fit  the  experimental 
data  are  shown  in  Figure  18  (see  also  Tables  XXXVIII  and  XXXIX). 
The  value  of  y,  along  with  the  slope  of  the  line,  z,  and 
corresponding  value  of  x,  is  presented  for  each  system  in 
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Figure  18 


V. 


Figure  18 


Kinetic  Plots  of  Energy  Transfer  Mechanism 

(Methyl  cyclohexane  inhibition  experiments) 

■  =  i  +  y(p Y  1/  a(j%)/at 

As  P-  cyclohexene 

B:  Pz  benzene 


0  2  4  6  8 


P  (IO_3Moles/L) 


161 


TABLE  XL 


Values  of  Kinetic  Parameters  Obtained  from  Energy  Transfer 

Mechanism 


p 

y( litres/mole) 

X 

z(k7/kg ,  litres/mole) 

C6H6 

600  ±  540 

0.5  ±  0.2 

1000  ±  800 

-C6H1o 

600 

-0.4  ±0.1 

^  1500 

within  a  factor  of  2 
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Comments  on  the  values  of  the  ratios  of  rate 
constants  will  be  reserved  until  the  end  of  the  thesis, 

(D)  Ethanol  and  its  Binary  Solutions 

(a)  Pure  ethanol 

Previous  studies  on  the  radiolysis  of  liquid 
ethanol  have  shown  that  hydrogen  is  the  major  single  pro¬ 
duct  (85,88).  The  values  of  GlHg)  obtained  in  these  investiga¬ 
tions  are  around  4.0.  The  vapour  phase  radiolysis  of  ethanol 
has  yielded  in  the  present  work  an  average  GKBg)  value  of 
8.9  (see  Table  XIX).  The  higher  G(Hg)  value  obtained  in  the 
vapour  phase  radiolysis  of  ethanol  is  compatible  with  the  idea 
that  gas  phase  yields  should  be  higher  than  the  liquid  phase 
yields  (see  Page  110  of  this  thesis). 

If  the  decomposition  of  ethanol  vapour  is  repre¬ 
sented  as 

c2h5oh  _ *  %+  X 

then  the  total  hydrogen  deficiency  in  the  initial  yields  of 
the  products  X  should  be  equal  to  G(H^)  .  Since  the  yields  of 
some  of  the  products  decreased  with  dose  and  since  G^  could 
not  be  satisfactorily  obtained  for  them,  a  material  balance 
was  worked  out  by  using  the  G  values  of  products  obtained  at 
12,7  x  10**®  ev  dose  (see  Table  XX). 
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In  order  to  obtain  a  material  balance,  the 
following  stoichiometric  equations  were  assumed  for  the 
formation  of  various  products. 

n  C2H50H  =  Hj-i-CHgCEO 
=  Hg4  CH  4-  CO 
®  Hgd-  (CB^CHOH^ 

Hg  4  HgO 

=  <feV  HgO 

=  c4h9oh  +  HgO 
=  C3H70H  •+  F2  4'  CHgO 
=  CH4  4-  CHgO 
-  CH4  4  Ch^CHOHCHgOH 
—  CgHg  V  CH^CHO  +  BgO 
CH4  4  CH30H  4  CH3CH0 

From  the  above  equations,  the  formation  of  hydrogen,  water 
and  methane  could  be  correlated  to  the  formation  of  other 


products 
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G(Hg)  =  G(CH3CH0H)2  f G(CO)  i  GfCHgCHO-CgHg ) +  GfCglLOH) 

-4-G(C2Eg)  -  GCCH^OH) 

Using  the  G  values  of  products  on  the  right  hand  side  of 
this  equation  from  Table  XX,  G(H^)  =  7.2  -  GCCH^OH).  Similarly 

GCHgO)^  G(C2H4)  +  G(C2Bg)  4  G(04B^0H)  +  GtCgHg) 


1.2  (from  Table  XX) 


g(ck4)  =  G(CO)  g(ch2o)  -  GCC^OH)  +  gCch^chohci^oh) 

4-G(CH30H)  =  1. 55 4 G ( CH^OH)  (from  Table  XX) 

The  value  of  G(Hg )  =  7.2  -  G(CH30H)  and  G(CH4)  =  1.55  + 
G(CH30H)  are  in  approximate  agreement  with  the  observed  values, 
G( Hg )  -  7.6  and  G(CH4)  -  1.7  if  G(O^OH)  is  small.  Prom  the 
above,  an  approximate  expected  yield  of  methanol  would  be 


liquid  phase  radiolysis  of 


ethanol  (85),  the  value  of  the  ratio  of  yields  of  formaldehyde 
to  methanol  is  0.2,  If  this  ratio  has  the  same  value  in  the 
vapour  phase,  the  expected  yield  of  methanol  would  be  about 
O.&.  Thus  the  methanol  yield  is  probably  quite  small,  although 
methanol  could  not  be  measured  by  the  present  analytical 
system. 


The  predicted  value  of  G(HgO)  1.2  is  much  lower 
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than  the  observed  value  of  5.4*  Three  consecutive  experiments 
yielded  a  G  value  of  5.4  ±  0.5  for  water.  The  source  of  this 
excess  water  is  not  obvious.  It  might  have  been  farmed  by 
reactions  not  considered  in  the  following  mechanism  or  the 
sample  might  have  absorbed  water  from  the  atmosphere  during 
the  analytical  procedure.  An  unaccountable  excess  of  water 
was  also  observed  by  Me  Donell  and  Newton  (85)  in  liquid 
phase  radiolysis  of  ethanol, 

A  mass  balance  for  carbon,  hydrogen  and  oxygen 

has  been  worked  out  for  various  products  and  is  presented 
in  Table  XLX.  This  mass  balance  corresponds  to  an  empirical 

formula  62* qq  76  36  w5lic1ia  has  slightly  more  hydrogen 

and  oxygen  in  It  than  ethanol. 

To  facilitate  the  discussion  of  the  mass  balance, 
a  mechanism  for  the  radiolytic  decomposition  of  ethanol  va¬ 
pour  is  proposed  as  follows  (see  Pages  167  and  168  of  this 
thesis).  This  mechanism  explains  the  formation  of  the  various 
products  obtained  by  decomposition  of  both  excited  and 

ionised  ethanol  molecules. 

If  water  is  generated  only  by  reactions  (8c)  and 
(14a),  then  G(H^O)  should  be  equal  to  1.2  (see  earlier).  The 
excess  water  in  G  units  is  (5.4  -  1.2)s  4.2.  If  the  correspond¬ 
ing  amounts  of  H  (8.4)  and  0  (4.2)  are  subtracted  from  the 
mass  balance  in  Table  XLI,  the  empirical  formula  becomes 

C2.00  *%.Q2  °0.99* 
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TABLE  XLI 

Mass  Balance  of  Carbon,  Hydrogen  and  Oxygen  in  the  Various 

Products  Obtained  la  the  Radiolysis  of  Ethanol  Vapour 

The  numbers  under  C,H  and  0  in  the  table  were 
obtained  by  multiplying  the  G  value  of  the  product  by  the 
respective  number  of  atoms  of  0,E  or  0  in  that  product 

Irradiation  temperature  =  108 °G 


Dose  (ev) 

x  1Q“20  - 

12.7 

Product 

G 

Mass  balance 

C 

H 

0 

Hydrogen 

7.6 

- 

15.2 

- 

Carbon  monoxide 

1  ®  1 

1®  J 

- 

Methane 

1.66 

1.7 

6.6 

- 

Ethane 

0.23 

0.5 

1*4 

- 

Ethylene 

0,72 

1.4 

2.9 

- 

Acetylene 

0.03 

0.1 

0.1 

- 

Wat  er 

5.4 

- 

10.8 

5.4 

Formaldehyde 

0.9 

0.9 

1.8 

0.9 

Acetaldehyde 

4.5 

9.0 

18.0 

4.5 

Propanol 

0.6 

1.8 

4.8 

0.6 

Butanol 

0.19 

0.8 

1.9 

0.2 

1,2  Propane  diol 

0.15 

0.5 

1.2 

0.3 

2,3  Butane  diol 

1.2 

4.8 

12.0 

2.4 

Total 

22.7/2 

11.4 

76.7/6 

12.8 

15.4/1 

15.4 

' 
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CHgCEgOH 

CH^CH^OH 

—(la) 

C^CHgOH  ^4  e 

—(lb) 

CH^CHgOH 

Ci^CHOH  4-  H 

-(2a) 

01%+  CHgOH 

—  (2b) 

H  4  CHgCBgOH 

Bg  +CH3CH0H 

-(3) 

CHg  4  CH^CHgOH 

CH„  4  CH  CHOH 

4  3 

—  (4) 

CI%  4  CH^CHOH 

— *  CI% 

>  CHOH 

ch3 

—  (5a) 

-■>  CH4  4  CHgCHO 

— ( 5b) 

CELCHOH  4  CHgOH 

GHgOHCOHjCHOH 

““(6a) 

~7>  CH30I%0H  4  CHgO 

—(6b) 

->  CHgCHO  4  CH30H 

—  ( 6c ) 

2  CH^CHOH 

^  CH3CH0HCH0HCH3 

—  (7a) 

CH3CI%0H  4  CH30H0 

—(7b) 

ch3ci^oh 

-  r  CH„CHO  4  H 

O  <5 

—  (8a) 

CHgO  4  CH4 

—  (8b) 

>  C2H4  +  HgO 

—  ( 8c ) 

- 


, 


, 


v  ••  ' 


( 


, 


tt 

...» 


. 


.  ■  ;  - 
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°sV  H 

C2H5 

-(9) 

2  C2H5 

— >  °4H10 

— (10a) 

— >  C2H4+C2H6 

—  (10b) 

CgHg  4-  CH^CHgOH 

CgHg  4  CHgGHOH 

—(11) 

C2Hg  -1-  CH3CH0H 

CHOH 

C2H5 

— (12a) 

~  -4  CgHg  4  OE^GHO 

— (12b) 

— >  c2h44C2h5oh 

-(12c) 

CHgCHgOH  4  CHgCHgOH 

- 4  CH^CEgO Eg  4  G2H50 

—  (13) 

where  C2HgO  represents 

the  3  position  isomers  and  not 

just 

the  ethoxy  radical 

C^CHgOHg 

4  CH^CBg  4-  HgO 

--(14a) 

- CHgCHgO  + 

—  (14b) 

CHgCH0H4  CH^CBgO 

■>  CHgCHO  4  C2H50H 

—  (15a) 

CH„CH-OH 

3I 

0-C„H 

1 

—  (15b) 

4 

CH3CH0  +  CH3CH20H 

—  (15c) 

V 


\  ■-* v  1  - . 


;  ‘ 

; 


. 


_ . 

* 
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This  good  mass  balance  indicates  that  little 
or  no  polymer  is  formed  during  irradiation  of  ethanol*  The 
calibration  curve  (similar  to  that  on  page  70  of  this  thesis) 
obtained  during  the  ethanol  experiments  showed  no  decrease 
in  source  intensity.  In  the  radiolysis  of  hydrocarbons,  there 
was  a  poor  mass  balance  and  a  decrease  in  source  intensity 
due  to  the  deposition  of  polymer  on  the  surface  of  the  source. 
The  lack  of  decrease  in  source  intensity  and  a  good  mass 
balance  in  the  ethanol  irradiations  corroborate  little  or  no 
polymer  formation  during  its  radiolysis. 

Formation  of  products  in  the  radiolysis  of  ethanol  vapour. 

Hydrogens 

McDonell  and  Newton  (85)  and  Burr  (88)  have 
postulated  that  H  atoms  are  formed  by  splitting  off  from  the 
CHg  group  during  the  radiolysis  of  liquid  ethanol.  Burr,  from 
his  experimental  evidence,  states  that  to  a  large  extent,  the 
H  atom  then  abstracts  hydrogen  from  the  OH  group,  and  to  a 
minor  extent  from  the  CH^  group.  Consider,  however,  the  bond 
dissociation  energies  in  ethanol.  The  dissociation  energies 
of  the  primary  C-H  bonds  and  the  secondary  C-H  bonds  are  about 
96  K.  cals/mole  and  85  -  90  K.  cals/mole  respectively  (141). 
The  C  -  C  bond  dissociation  energy  is  about  80  K.  cals/mole 
and  that  of  the  C  -  0  bond  is  about  90  K.  cals/mole  (141). 

The  bond  dissociation  energy  of  0  -  H  in  ethanol  is  about 
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102  K.  cals/mole  (142).  Thus  the  weakest  — H  bonds  in 
ethanol  are  in  the  -CHg-  group  and  the  strongest  is  in  the 
-OH  group.  It  would  therefore  be  surprising  if  H  atom 
abstraction  occurred  largely  at  the  -OH  group  and  not  at  all 
at  the  -CHg-  group#  At  present,  no  definite  conclusions  can 
be  drawn* 

Acetaldehyde: 

Acetaldehyde  may  be  formed  by  reactions  (5b), 
(6c),  (7b),  (8a),  (12  b)  and  (15).  The  radicals  involved  in 
these  reactions  are  CH^,  C2Hg,  CH^CHgO,  CH^CHOH  and  CH^OH. 
Prom  the  G  values  of  products  which  require  these  radicals 
for  their  formation,  the  amounts  of  CH^,  CgH^,  (CH^CHOH 
CH^CI^O)  and  CHgOH  radicals  can  be  calculated  to  be  respect¬ 
ively  1.1  to  2.3  (depending  on  the  mechanism  for  formation 
of  CO),  0*43,  12  .35  and  1.05  G  units.  Since  the  concentra¬ 
tion  of  CH^CHOH  radicals  is  much  greater  than  that  of  any 
other  radical,  the  disproportionation  reaction  of  CH^CHOH 
radicals  (reaction  7b)  might  be  considered  as  a  major  source 
of  acetaldehyde#  In  reaction  (15b),  the  hemi-acetal  formed 
is  known  to  be  very  unstable  (140)  and  even  if  formed  will 
decompose  to  acetaldehyde  and  ethanol. 

Methane  and  Formaldehyde 

Since  the  C-C  bond  is  the  weakest  in  the  ethanol 
molecule,  one  might  have  expected  a  large  yield  of  products 
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resulting  from  CHg  and  CHgOH  radicals  in  the  gas  phase.  In 
the  liquid  phase,  there  may  be  recombination  of  the  CH^  and 
CH^OH  radicals  in  the  Franck  -  Rabinowitch  cages  and  hence 
the  yields  of  the  corresponding  products  would  be  low.  Low 
yields  of  methane  and  formaldehyde  were  experimentally 
observed  by  McDonell  and  Newton  (85).  In  the  gas  phase, 
where  the  cage  effect  will  not  be  operative,  larger  yields 
of  methane  and  formaldehyde  were  observed  in  the  present 
work. 

To  a  large  extent  methane  is  formed  by  abstrac- 
tion  reaction  (4).  Formaldehyde  may  arise  from  reactions 
(6b)  and  (8b),  From  the  existing  data  the  relative  contri¬ 
bution  of  these  reactions  towards  formaldehyde  formation 
is  n ot  kn own . 

Other  products 

The  high  yield  of  water  was  questioned  earlier 
in  the  thesis  and  no  explanation  can  be  offered  at  present. 

Carbon  monoxide  might  be  formed  by  the  decomposi¬ 
tion  of  formaldehyde  or  acetaldehyde. 

Propanol  and  butanol  are  formed  by  the  addition 
of  methyl  and  ethyl  radicals  to  CH^CHOH  radicals. 

The  vicinal  glycols  (2,3  butane  diol  and  1,2 
propane  diol)  that  were  measured  in  the  present  investigation. 
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were  probably  formed  by  combination  of  CH^CHOH  radicals 
with  themselves  and  with  CHgOH  radicals*  If  CHgCHgOH  radicals 
were  present  in  appreciable  concentration  during  the  decom¬ 
position  of  ethanol,  the  combination  of  CHgCHgOH  radicals 
with  each  other  and  with  CH^CHOH  would  have  led  to  the  forma¬ 
tion  of  1,4  butane  diol  and  1,3  butane  diol*  Sine©  these 
products  were  not  produced  to  a  measurable  extent,  the  con¬ 
centration  of  CBgCHgOH  radicals  was  negligible  in  the  present 
system* 

The  ethyl  radicals  produced  by  reactions  (9)  and 
(14a)  might  abstract  or  disproportionate  to  give  ethane* 

Since  the  value  of  the  ratio  of  disproportionation  to  com¬ 
bination  of  ethyl  radicals  is  about  0.12  (143),  the  amount 
of  ethane  from  reaction  (10b)  would  be  about  one  eighth  of 
the  amount  of  butane*  The  yield  of  butane  in  the  present  work 
was  only  a  trace  and  thus  a  negligible  amount  of  ethane 
originates  from  the  disproportionation  reaction.  Therefore 
the  major  source  of  ethane  is  probably  reaction  (11)* 

Ethylene,  which  has  an  appreciable  yield,  is 
assumed  to  be  formed  by  reactions  (8c),  (10b)  and  (12c)* 

Since  reaction  (10b)  was  precluded  as  a  major  source  of  ethane, 
not  much  ethylene  is  produced  by  reaction  (10b)  either. 

(b)  Inhibition  experiments 

The  experimental  data  were  tested  against  the  two 
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reaction  mechanisms  that  gave  straight  line  plots  for  the 
vapour  solutions  of  cyclohexane  with  benzene  cyclohexene 
or  propylene.  The  two  mechanisms  will  be  treated  separately, 
making  the  simplifying  assumption  that  the  variation  of  the 
total  gas  fraction  volatile  at  -196°C  is  a  measure  of  the 
variation  of  the  hydrogen  yield. 

(l)  Scavenging  mechanism 


C2H50H  '  G2H50H  ~(D 

C2H50H*  -  H  Hr  CgHgO  op  CgH^OH  “=*(2) 

H+CgHgOH  -  y  B24’C2H40H  ~(3) 

H+P  — ^  PH  —(4) 

H+P  —(5) 


In  the  above,  P  represents  the  protector  and  PH  and  P- 
represent  the  corresponding  radicals.  The  following  equation 
can  be  derived  by  steady  state  treatment  of  the  above  mech¬ 
anism  (analogous  to  cyclohexane) 


w 


(P)  I 

(c2h5oh)  a(H2)/at 


1  -v  v 


where  w  = 


(k4d-k5)/k3  and  r  ' 


(P) 

(c2h5oh) 


represents  the  left 


hand  side  of  the  equation* 
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The  numerical  values  of  I  /  can  be 

dt 

determined  from  the  experimental  data. 

By  giving  arbitrary  values  to  w,  sets  of  values 
of  were  calculated*  These  sets  of  values  were  plotted 
against  the  ratio  (Pj/^HgOH)  to  see  if  a  straight  line 
could  be  obtained  for  each  of  benzene  and  cyclohexene. 

The  values  of  which  best  fits  the  experimental 

data  and  the  corresponding  values  of  I  /  are  presented 

dt 

in  Tables  XLII  and  XLIII.  The  lines  obtained  are  shown  in 
Figure  19.  The  values  of  the  various  ratios  of  rate  constants 
are  summarised  in  Table  XLIV. 

It  is  apparent  that  the  values  obtained  for  the 
rate  constant  ratios  are  rather  similar  in  the  cyclohexane 
and  ethanol  systems  (see  Tables  XXVII  and  XLIV).  While  this 
similarity  between  the  reactivities  of  ethanol  and  cyclo¬ 
hexane  is  not  surprising  (the  rates  of  reaction  of  methyl 
radicals  with  cyclohexane  and  ethanol  are  approximately  equal 
at  182°C  and  their  activation  energies  are  similar  (I38,pp 
200  -  201 )  ),  the  same  comments  that  were  made  earlier  in  the 
case  of  cyclohexane  can  be  repeated  here.  The  values  of  the 
rate  constant  ratios  obtained  with  cyclohexene  might  not  be 
unreasonable  if  the  hydrogen  atoms  are  epithermal.  However, 
the  value  of  k^/k^  obtained  from  benzene  is  surprisingly  high, 
even  for  epithermal  hydrogen  atoms.  It  implies  that  abstraction 
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6( -196  G)  is  taken  as  a  measure  of  G(l^).  The  numbers  in  column  2  are  really  the  yields  of 
gases  volatile  at  -196°C 
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Figure  19 


Figure  19 


Kinetic  Plots  of  Scavenging  Mechanism 

(Ethanol  inhibition  experiments) 

p  (P)  I 

1  *  1  +  w  T17  '  d'('4")7<it 

A:  P  ~  benzene 

Bs  P  -  cyclohexene 
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of  hydrogen  atoms  from  benzene  is  as  easy  as  from  ethanol. 
The  much  stronger  C-H  bond  in  benzene  than  in  ethanol  makes 
this  seem  unlikely. 

Now  consider  the  second  mechanism. 

(2)  Energy  (ionisation  or  excitation)  transfer 

mechanism 


C2H50H 

— »  °aH50H* 

—  (1) 

CgHgOH* 

Hg  +  products 

— —  ( 6 ) 

CgHof+P 

,  CoHc0H  +  P 
d  5 

~(7) 

P* 

- — X  products. 

0$  x^l— (8) 

The  x  signifies  that  perhaps  not  every  P  results  in  the 
formation  of  an  Hg.  Reactions  (6)  and  (8)  represent  over-all 
processes  and  might  comprise  several  steps  each.  Steady  state 
treatment  of  this  mechanism  yields  (analogous  to  cyclohexane 
energy  transfer  mechanism) 


+  y 


(P)  j  I  /  d(H2)/dt 


1  +  z  ( F) 

P' 


where  y  =  x  ky/kg,  z  ky/kg  and  i  represents  the  left  hand 
side  of  the  equation. 

Assuming  arbitrary  values  for  y,  sets  of  values 
of  were  calculated  and  plotted  against  the  protector 
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concentration,  (P),  in  an  attempt  to  obtain  a  straight  line 
with  an  intercept  of  unity.  Figure  20  shows  the  lines  that 
were  obtained  (see  also  Tables  XLV  and  XLVI).  The  value  of 
y  that  gave  the  desired  line  in  each  system,  along  with  the 
slope  of  the  line,  z,  and  the  corresponding  value  of  x  is 
presented  in  Table  XLVII. 

(E)  Summary  of  the  Values  of  Ratios  of  Rate  Constants  in  the 

Various  Systems 

A  summary  of  the  values  of  rat©  constant  ratios 
is  presented  in  Tables  XLVIIX  and  XLIX. 

An  examination  of  Table  XLVIII  reveals  that  the 
various  ratios  appear  to  have  similar  values  in  the  three 
systems.  The  value  of  k^/k^  for  methyl  cyclohexane  systems 
could  not  be  calculated  because  of  lack  of  precision  in  the 
values  of  kg/k-^.  The  various  ratios  in  Table  XLIX  also  appear 
to  have  similar  values  except  for  the  ethanol-benzene  system. 

It  does  not  seem  useful  to  speculate  here  upon 
the  possible  reasons  for  these  similarities  and  differences. 

No  definite  conclusion  can  yet  be  drawn  concerning  the  identity 
of  the  activated  substrate  species.  Further  work,  especially 
using  compounds  with  widely  differing  ionisation  potentials  and 
hydrogen  atom  activities,  is  required. 

It  may  be  remarked,  however,  that  one  possible 
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reason  for  the  lack  of  resolution  between  these  two 
mechanisms  might  be  that  they  both  occur  to  comparable 
extents.  Two  mechanisms  do  occur  to  comparable  extents 
in  the  liquid  cyclohexane  systems  (58). 


Data  for  the  Curve  Fitting  the  (-196  C)  Fraction  Yield  in  Ethanol-Benzene  Systems 
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G(-196°C)  is  taken  as  a  measure  of  G(Hg).  The  numbers  in  column  2  are  really  the  yields  of 
gases  volatile  at  -196°C 
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Figure  2p 


» 


Figure  2p 


Kinetic  Plots  of  Energy  Transfer  Mechanism 

(Ethanol  inhibition  experiments) 
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TABLE  XLVII 

Values  of  Kinetic  Parameters  Obtained  from  Energy  Transfer 

Mechanism 

P  y( litre s/mole)  x  z(ky/k6,litres/mole) 

C0H6  6  ±  6  0.03  t  0.03  190  ±  2Q 

C6Hio  720  ±  180  0.28  ±  0.01  2600  ±  600 
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TABLE  XLVIII 

Summary  of  Values  of  Kinetic  Parameters  Obtained  from 

Scavenging  mechanism  in  the  Various  Systems, 


p 

Solvent 

k5/k3 

k4/k3 

Vk5 

C6H6 

C6H12 

2.5  ±  0.2 

5.9  ±  0.5 

2.4 

°7H14 

5  ±  3 

2.6  ]  0.2 

- 

c2h5°h 

0.9  1  0.3 

4.2  +  0.5 

4.7 

C6H10 

C6H12 

to 

cn 

i— • 

o 

31  ±  19 

1.2 

C7H14 

>5 

>9 

- 

c2h5oh 

20  ±  5 

50  ±  10 

2.5 

‘  '  •  '  .:e  ' 

, 
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TABLE  XLIX 

Summary  of  Values  of  Kinetic  Parameters  Obtained  from 


Energy  Transfer 

Mechanism  in 

the  Various 

Systems 

P 

Solvent 

y( litres/mole)  x 

z(k_k,,  litres/mole) 

i  o 

C6H6 

Vb 

150  ±  18 

0.25  ±0.01 

610  ±  25 

C7H14 

600  ±  540 

0.5  ±  0.2 

1000  ±  800 

°2H50H 

6  i  6 

0.03  4  0. 03 

190  +  20 

VlO 

C6H!2 

1200  ±  420 

0.44  1  0.01 

2700  ±  800 

C7H14 

600 

^0.4  t  0.1 

^  1500 

C2H5°H 

720  ±  180 

0.28  ±  0.01 

2600  ±  600 

within  a  factor  of  2 
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